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Abstract 
The condensed structure of heterochromatin differs significantly from euchromatin 
and DNA bound in heterochromatin is generally not transcriptionally active. Transcriptional 
silencing allows the control of gene expression and affords a novel mechanism of defense 
against genomic parasites. In addition, the physical structure of heterochromatin plays a 
direct role by contributing to centromere function in many eukaryotes. Mechanisms by 
which heterochromatin is established and maintained are only partly understood at this time. 
By studying the interaction of Ty5, a retrotransposon that integrates preferentially into 
heterochromatin-bound DNA, some of the basic biology of heterochromatin and the proteins 
that compose it were elucidated. The interaction between a portion of the Ty5 integrase and 
Sir4p, a component of yeast heterochromatin, was used to nucleate a heterochromatin 
complex. This complex was found to antagonize centromere-mediated plasmid segregation 
in a fashion similar to that reported between centromeres and other heterochromatin 
complexes. This antagonism was further found to be the result of double strand breaks in the 
plasmid DNA. The interaction between the Ty5 integrase and Sir4p was more fully mapped 
and four Sir4p amino acid residues were found to be required for the interaction. When 
mutations in these residues were introduced into the full-length SIR4 allele, the function of 
SIR4 in heterochromatic silencing was impaired. This is likely due to a decrease in Sir4p 
protein levels. The interaction between Sir4p and a short fragment of integrase required for 
Ty5 targeting (LDSSPP), referred to as the targeting domain (TD) was also examined. This 
interaction was found to partially depend on other components of heterochromatin. Two-
hybrid analysis of the integrase interacting portion of Sir4p identified three novel interacting 
proteins, Sumlp, Nma2p and Chdlp. Mutations in Sir4p required for the interaction between 
Sir4p and integrase were found to be required for the interaction between Sir4p and several 
other Sir4p interacting proteins. Expression of the targeting domain TD was also found to 
cause anti-silencing by lowering Sir4p levels. Genetic analysis identified the RING finger 
protein Rislp as a required factor in the Sir4p turnover. These findings suggest that the 
previously identified role for Rislp in gaining access to heterochromatin is likely mediated 
by Sir4p turnover. 
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Chapter I. Biology of Heterochromatin and Ty5 
History and biology of heterochromatin. 
Heterochromatin was originally described by a German researcher studying moss as 
the condensed, dark-staining DNA apparent during interphase (reviewed Passarge 1979). 
The function of heterochromatin remained unclear until studies in Drosophila discovered a 
phenomenon known as position effect variegation, or PEV (Muller 1932). Later work 
established that PEV was caused by translocation of a gene to a locus near heterochromatin, 
followed by its subsequent transcriptional silencing. The ability to use the silencing of genes 
as a marker of heterochromatin allowed it to be localized in organisms such as 
Saccharomyces in which heterochromatin is not cytologically visible (Gottschling, Aparicio 
et al. 1990). Subsequent mutagenesis studies in a number of species have elucidated the 
function of heterochromatin and how it is formed, although new insights are continuously 
being gained (Laurenson and Rine 1992). 
While heterochromatin and gene silencing have been found in all eukaryotic 
organisms thoroughly studied it has been unclear until recently whether the mechanism of 
silencing was shared between organisms. Part of this confusion is due to the diversity of loci 
bound in heterochromatin across eukaryotes. All eukaryotic telomeres examined to date are 
thought to be composed of heterochromatin. The centromeres of many organisms are 
composed of a heterochromatin complex, however, the centromeres of Saccharomyces 
cerevisiae are not (Karpen and Allshire 1997). Other examples of heterochromatin include 
the inactivated X chromosome in mammals and the silent mating loci in yeast (Nasmyth 
1982; Reik, Dean et al. 2001). 
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The mechanism behind the formation of heterochromatin and silencing of genes 
located within or around it, however, shares several features. One common factor shared by 
many DNA loci bound in heterochromatin is the presence of large numbers of repeat 
elements (Spradling 1994). A second common factor is the requirement for enzymatic 
activity that leads to condensation of heterochromatin, principally methylation and 
deacetylation (Fourel, Lebrun et al. 2002). The continuing elucidation of the histone code 
has helped to tie these two features together and give a more complete picture of how 
heterochromatin is initiated and maintained. 
The first evidence for the presence of a histone code was revealed a decade ago and 
an increasing volume of work has since emerged to bolster the histone code hypothesis 
(Turner 1993). The basic supposition behind the histone code is that much of the variable 
transcription seen in organisms is due to enzymatic modification of the histone proteins, 
particularly their exposed tails (Jenuwein and Allis 2001). Histones are composed of an 
octamer of two of each of four proteins, commonly referred to as H2A, H2B, H3 and H4. 
DNA is wound around the histone octamers, thereby condensing the DNA in a 'beads on a 
string' pattern (Figure 1). The N-terminal tails of H3 and H4, which have been shown to 
extend outside of the core of the histone octamer can be modified in at least four manners, 
including methylation, acetylation, phosphorylation and ubiquitination (Turner 2002). These 
modifications influence the binding of a diverse collection of other proteins that function in 
gene expression, particularly in transcriptional repression, and in the maintenance of the 
chromatin structure. 
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euchromatin 
Figure 1. DNA is wound around histone octamers. The N-terminal tails of H3 and H4 stick 
out of the core histone particle. Numerous amino acid residues are modified in four ways 
including acetylation (Ac) of lysine residues, methylation (Me) of arginine and lysine 
residues, phosphorylation (P) of serine residues and ubiquitination (Ubi) of lysine residues. 
The type and location of each modification can have a drastic effect on the activity of the 
underlying DNA. For example, methylation of H3 at lysine 4 is associated with 
transcriptionally expressed euchromatin whereas methylation of H3 at lysine 9 is associated 
with transcriptionally silent heterochromatin. 
Heterochromatin and transposable elements. 
The sequence of the DNA wrapping the histones often affects the state of the 
chromatin, although the same sequence can be associated with very different heritable 
patterns of modifications between and within organisms (Dillon and Festenstein 2002). The 
most common sequence motif associated with heterochromatin are repeat sequences, 
including transposable elements (Spradling 1994). Why repeat sequences are more prone to 
induce the formation of heterochromatin is only now being elucidated. Recent work in the 
plant Arabidopsis thaliana and fission yeast demonstrated that repeated elements can give 
rise to double stranded RNA (DS RNA), likely by transcriptional read-through originating 
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from flanking genes. The DS RNA is then processed and guides methylases to cis genomic 
sequences matching the DS RNA. The DNA is then methylated, which leads to 
transcriptional silencing (Bailis and Forsburg 2002; Hall, Shankaranarayana et al. 2002). 
The process of RNA-induced gene regulation is generally referred to as RNAi. It is currently 
not clear whether this model could be applied more broadly, although homologues to genes 
involved in RNAi are universally present (Hannon 2002). 
The link between heterochromatin, transposable elements and RNAi, which is known 
to act broadly against viruses in plant species, suggests that silencing of parasitic genetic 
material is a primary role of heterochromatin. Transposable elements, which are broadly 
distributed across all kingdoms, range from HIV and other retroviruses to the ancestors of 
some vital cellular enzymes such as telomerase, which allows for the replication of linear 
chromosomes (Figure 2). RAGl and RAG2 genes which are responsible for the ability of the 
immune system to recognize diverse antigens are also believed to have originated from 
transposable elements (Louis and Haber 1990; Eickbush 1997; Agrawal, Eastman et al. 
1998). 
Saccharomyces 
cerevisiae 
Homo sapiens Oryza sativa 
34% 
Non-LTR retrotransposon 12.2% 
8% 3.1% • 
LTR retrotransposon 
3% 6.6% 
DNA transposon 
Ol/yUpE 5 All percentages include degenerate and non-autonomous elements. 
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Figure 2. The three major classes of transposable elements and their distribution in selected 
species. Percentages indicate how much of an organisms total DNA is composed of the 
various elements. Both LTR and non-LTR retrotransposons replicate through an RNA 
intermediate. Once inserted into the host DNA, the retroelement cDNA serves as a template 
for transcription, which leads to another round of replication. In contrast, the DNA 
transposons encode an enzyme, transposase, which recognizes the short inverted repeats on 
their ends and catalyzes the element's removal and reinsertion into the host chromosome. 
Heterochromatin and cellular genes. 
While heterochromatin functions in part to shut off transcription of transposons, the 
transcription of specific genes and other regulated genetic elements is also controlled by 
heterochromatin. For example, phosphorylation of a heterochromatin protein in yeast, in 
response to environmental stimuli, can reduce silencing and derepress silenced genes located 
near heterochromatin. The expression of these genes is required for adaptation to the 
environmental stimuli that triggered the remodeling (Ai, Bertram et al. 2002). Recent work 
has identified several mechanisms by which heterochromatin is modulated. One example of 
how the spread of heterochromatin is controlled is through the activity of the histone methyl 
transferase Dot I p. Dotlp methylates euchromatic histone H3 at lysine 79 (van Leeuwen, 
Gafken et al. 2002). This modification decreases the binding affinity of several structural 
components of heterochromatin (Ng, Feng et al. 2002). Limiting the levels of these 
structural components is thought to limit the spread of heterochromatin to expressed regions 
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(Smith, Brachmann et al. 1998). How heterochromatin is removed after it has formed is not 
clear; however, a way must exist for polymerases and other enzymes to access the tightly-
bound DNA in heterochromatin (Reimer and Buchman 1997). While some types of 
silencing, such as X-inactivation in female mammals, is controlled by copy number, this 
model does not seem to hold for other systems (Brockdorff and Duthie 1998). 
One well characterized process in which heterochromatin-bound DNA is accessed is 
mating type switching in the budding yeast, S. cerevisiae. Haploid S. cerevisiae exists as one 
of two mating types, a or a. Both mating types are determined by the expression of an a or a 
mating type cassette located on chromosome III (the MAT locus). Unexpressed copies of 
each cassette are also located on chromosome III and are bound in heterochromatin (HML 
and HMR) (Sprague, Blair et al. 1983). Two haploid cells can fuse to form a diploid cell, 
which is more resistant to DNA damage and can undergo meiosis (Lee, Pâques et al. 1999). 
In an environment in which only haploid cells of one mating type exist, a portion of the cells 
will switch mating types through the process of mating type switching. This involves 
recombination (gene conversion) wherein an unexpressed cassette in heterochromatin (e.g. an 
a cassette) replaces the cassette at the expressed locus (e.g. an a cassette) (Figure 3). 
Expression of the new mating type information results in a change in yeast mating type 
(Strathem, Klar et al. 1982). 
a type information expressed 
Heterochromatin HML 
MAT(a) loci Heterochromatin HMR 
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Figure 3. Chromosome III of S. cerevisiae contains the HM and MAT loci. The MAT locus 
expresses either a or a information in a given cell. Two unexpressed mating cassettes, one a 
and one a, flank the MAT locus. In the cartoon above they are contained within shaded 
blocks that represent the structural proteins forming heterochromatin. The two loci are 
termed HMR and HML and contain a and a information, respectively. The mating type of 
the cell can be switched by copying information from the HM loci to MAT, in this example 
HMR information is being copied. 
A number of genes are required for efficient mating type switching. Most of these 
genes encode products involved in the actual process of copying the DNA, through 
homologous recombination, from the HM loci to MAT (Sugawara, Ivanov et al. 1995; 
Schmuckli-Maurer and Heyer 1999). These include the HO endonuclease, which creates a 
DNA break at MAT that initiates the recombination event. Several RAD genes, are also 
critical for the conversion to take place. One study identified a gene thought to play a role in 
chromatin remodeling, RIS1. RIS1 is required for efficient mating type switching, although 
its mechanism of action is not known (Zhang and Buchman 1997). 
The Ty family of retrotransposons and Ty5. 
A process with parallels to mating type switching is the integration of the Ty5 
retrotransposon into heterochromatin-bound DNA. As mentioned earlier, some transposable 
elements nucleate heterochromatin through RNAi. Many transposable elements also target 
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their integration to regions of DNA already bound in heterochromatin (Sheen and Levis 
1994; Arkhipova and Morrison 2001). In some cases, the transposons have taken over vital 
cellular roles, such as the Tart and Het-A retrotransposons in Drosophila, which act to 
elongate the chromosome termini through insertion into telomeric heterochromatin (Pardue, 
Danilevskaya et al. 1996). It is not currently clear how these transposable elements gain 
access to heterochromatic DNA, however, understanding how this is accomplished will 
likely shed light on how heterochromatin is regulated in general. 
Saccharomyces cerevisiae has four endogenous retrotransposons in addition to Ty5, 
all of which target integration to gene poor regions. This likely occurs by means of an 
interaction between the C-terminus of integrase and a target protein (Gai and Voytas 1998; 
Kim, Vanguri et al. 1998). Tyl-Ty4 integrate upstream of Pol III promoters, while Ty5 
targets integration to loci bound in heterochromatin (Sandmeyer 1992; Zou, Wright et al. 
1995). The tight targeting patterns seen for the Ty elements are thought to be a means to 
limit damage to its host, which has a very gene dense genome (Zagulski, Herbert et al. 1998). 
The life cycle of endogenous retroelements, like Ty5, is similar to that of the well-
studied retroviruses (Figure 4). The two distinctive features of retrotransposons are their 
reverse transcriptase, which polymerizes a genomic cDNA from RNA, and integrase, the 
enzyme which catalyzes the insertion of the cDNA into the host genomic DNA (Boeke and 
Chapman 1991). The integration into transcriptionally silent regions offers many challenges 
in understanding how these elements are able to manipulate this environment, ranging from 
how the element is first transcribed from 'silent' DNA to how it gains access to this DNA 
during the process of integration. 
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4. PIC 
enters 
nucleus 
3. Processing 
and packaging 
5. integration 
1. Transcription 
2. Translation 
Figure 4. Review of retrotransposon life cycle. (1.) Retrotransposon DNA is transcribed. 
The resulting RNA will be used both as a template for reverse transcription and translated 
into the retrotransposon's structural and enzymatic proteins. (2.) Translation of 
retrotransposon mRNA gives rise to the structural Gag proteins as well as the enzymes 
reverse transcriptase and integrase. Retroviruses also encode an envelope protein, which 
facilitates infectivity. (3.) Gag proteins are processed by a retrotransposon encoded protease 
and form a virus like particle (VLP), which includes two copies of the element's RNA and 
the enzymes and other required factors. Reverse transcription also takes place in the VLP to 
produce a cDNA copy of the RNA. (4.) The VLP docks at the nuclear membrane and 
releases the pre-integration complex (PIC), which enters the nucleus during cell division or 
by means of a nuclear localization signal in integrase. (5.) The PIC enters the nucleus and 
the cDNA is integrated into the host genome. 
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The targeting pattern of Ty5 was first observed after the sequencing of S. cerevisiae 
chromosome III, the chromosome containing the mating loci. Ty5 insertions and LTRs were 
found in the telomeres and silent mating loci (Zou, Wright et al. 1995). Unfortunately no 
functional Ty5 elements were present in S. cerevisiae. A related species of yeast, S. 
paradoxus, however has functional elements. A functional Ty5 element was cloned from S. 
paradoxus and introduced into S. cerevisiae. The Ty5 element's integration specificity was 
analyzed and found to preferentially insert into heterochromatin, as expected based on native 
Ty5 insertions (Zou, Ke et al. 1996). Because of this integration pattern, it was proposed that 
Ty5 was targeting to heterochromatin by means of an interaction with one of the protein 
components of heterochromatin (Figure 5). 
Figure 5. Early Ty5 integration model. Ty5 integrates into heterochromatin-bound DNA at 
the silent mating loci (HM) and telomeres. An interaction between one of the factors making 
up heterochromatin and a portion of the Ty5 pre-integration complex (PIC) was hypothesized 
to mediate the targeted integration. 
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Yeast heterochromatin and Ty5. 
Heterochromatin in S. cerevisiae is composed of a wide array of proteins and plays 
several roles. The first stage of heterochromatin formation requires DNA binding proteins, 
which interact with specific cis DNA sequences at the telomeres, rDNA and HM loci. These 
proteins, including Raplp and the origin recognition complex (ORC), serve as a platform for 
other proteins to bind, condense the DNA, and modify neighboring histones (Roth 1995). 
Some of these proteins, notably Raplp, also play other roles, including initiation of 
transcription (Lieb, Liu et al. 2001). The first known step in the formation of dedicated 
heterochromatin is the binding of Sir4p to Raplp (Luo, Vega-Palas et al. 2002). Sir4p is one 
of four 'Silent Information Regulator' proteins that also include Sirlp, Sir2p and Sir3p. Of 
these, Sir2p, Sir3p and Sir4p form the core of heterochromatin (with the exception of rDNA 
heterochromatin) (Rine and Herskowitz 1987). Sir4p serves as a binding site for Sir2p, 
which is the next to bind. Sir2p deacetylates adjacent histones, which is thought to further 
condense the chromatin and prevent the binding of other transcription promoting histone 
modification enzymes (Imai, Armstrong et al. 2000; Hoppe, Tanny et al. 2002). Sir3p 
binding follows, further condensing the heterochromatin. Sirlp plays a role in the initiation 
of silencing at the HM loci. A large number of other proteins act in both a synergistic and 
antagonistic manner (Pryde and Louis 1997; Fourel, Lebrun et al. 2002). 
Early work characterizing Ty5 targeted transposition focused on two fronts: 
identifying the component of Ty5 responsible for targeting and identifying the factor with 
which it interacted. Due to the central role of the Sir proteins in heterochromatin formation, 
they were initially considered as potential targeting signals. Because integration is mediated 
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by the retrotransposon integrase enzyme, it was speculated to contain a component that 
would recognize heterochromatin. 
The C-terminus of the Ty retrotransposon's integrase contains an extension not seen 
in the retroviruses. This region is also not conserved between Tyl and Ty5, whereas the rest 
of the integrase is, suggesting that this divergence could be responsible for the different 
targeting of the yeast Ty elements (Sandmeyer 1992). A mutation was identified in the 
integrase C-terminus that randomized Ty5 integration, suggesting that this region of integrase 
was in fact involved in targeted transposition (Figure 6) (Gai and Voytas 1998). 
Integrase Reverse Transcriptase 
LDSSPP 
Ty5 targeting domain 
Figure 6. Diagram of Ty5's genomic structure. The Ty5 retroelement is flanked by two long 
terminal repeats (LTRs). The element's open reading frame is transcribed as a single 
polypeptide, which is processed by the protease (Pro). The integrase contains a motif 
required for targeting, dubbed the targeting domain (TD). Of the six amino acids that make 
up TD (LDSSPP) four are required for targeted transposition (L_SS_P). 
Deletion of two of the SIR genes, SIRS and SIR4, randomized targeted transposition, 
suggesting that one of them was the protein that interacts with integrase (Zhu, Zou et al. 
1999). An interaction between the C-terminus of integrase (INC) and the C-terminus of 
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Sir4p was observed both in vivo, using yeast two-hybrid analysis and in in vitro binding 
assays (Xie, Gai et al. 2001). This study also made the observation that expression of the six 
amino acid TD interfered with silencing of heterochromatin-bound genes, suggesting that 
Ty5 might utilize the targeting domain to gain access to silent DNA. 
Dissertation Organization. 
The following three chapters are research papers focusing on the interaction between 
Ty5 integrase and heterochromatin. Chapter II is a reprint of a paper published in the journal 
Chromosoma. This study demonstrates the ability of the Ty5 TD to nucleate 
heterochromatin when fused to a DNA binding protein. Furthermore, it unravels the 
mechanism behind the previously observed antagonism between heterochromatin and the 
CEN origin of replication. Chapter III is a paper that will be submitted to the journal 
Genetics. This study examines the region of Sir4p that binds integrase. It is shown that 
expression of TD leads to lower levels of Sir4p. The region of Sir4p required for TD binding 
was mapped, and three novel Sir4p-interacting partners were identified. Sir4p interacting 
proteins were assayed for their ability to bind Sir4p mutants to which TD could not bind. 
These SIR4 mutations were found to affect the interaction between Sir4p and Dot4p, a 
deubiquitinase. This suggests that the Sir4p/Dot4p interaction underlies the observed 
depression in Sir4p levels when TD is expressed. Chapter IV is a paper that will be 
submitted to the journal Genes and Development. In this paper, the mechanism behind the 
observed anti-silencing associated with TD expression is uncovered. Furthermore, the role of 
RIS1 in heterochromatin maintenance is found to be related to its ability to target Sir4p for 
14 
degradation. Chapter V is an appendix of additional research findings that were not included 
in any of the preceding three studies. Chapter VI draws overall conclusions from this thesis. 
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Abstract 
The yeast retrotransposon Ty5 integrates preferentially into heterochromatin at the telomeres 
and HM loci. Target specificity is mediated by a six-amino acid sequence motif of integrase 
(the targeting domain, TD) that interacts with Sir4p, a structural component of 
heterochromatin. When tethered to CEN plasmids as part of a Gal4p DNA binding domain 
fusion protein (GBD), TD destabilizes plasmid segregation in a manner similar to that 
observed for CEN+HM or Œ7V+TEL antagonism. This instability is caused by the TD's 
ability to nucleate components of heterochromatin on the CEN plasmid, because CEN+TD 
antagonism is abrogated by sir2, sir3 and sir4 mutations and by TD mutations that prevent 
interaction with Sir4p. In strains that acquire resistance to CEN+TD antagonism, the CEN 
plasmid has either recombined with a 2\i plasmid or sustained deletions in sequences 
required to bind GBD-TD. CE7V+TD and CEN+HM antagonism is exacerbated by mutations 
in components of the Ku-mediated non-homologous end-joining pathway. These 
observations suggest that CEN antagonism is caused by DNA breaks that result from 
competition between CEN- and Sir-specific segregation pathways. 
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Introduction 
In the budding yeast Saccharomyces cerevisiae, heterochromatin at the HM loci, 
telomeres, and rDNA represses transcription and assists in the maintenance of chromosomes. 
Heterochromatin is nucleated by specific DNA sequences at the telomeres and HM loci, 
namely the E and I silencers flanking HMR and HML and the telomeric TG,_3 and X repeats 
(collectively referred to as TEL sequences). Several proteins bind E, I and TEL sequences, 
including Raplp, Abflp and the origin recognition complex (ORG). These DNA-bound 
proteins, in turn, recruit additional factors, such as the silent information regulators, Sirlp -
Sir4p. The resulting protein complex is responsible for yeast heterochromatin ' s many 
biological roles. 
A specific role for yeast heterochromatin in chromosome maintenance was suggested 
by the effect of the HM loci and TEL sequences on plasmid stability. Both the HM loci and 
TEL sequences facilitate segregation of relatively unstable plasmids with autonomously 
replicating sequences (ARSs). They also disrupt or antagonize the segregation of otherwise 
stable CEN plasmids (referred to as CEN+HM or CT/V+TEL antagonism). Heterochromatin 
assembled by the HM loci or TEL sequences is largely responsible for their effects on 
plasmid stability. CEN antagonism requires Sir2p, Sir3p, and Sir4p. The improved 
segregation of ARS plasmids conferred by the HM loci and TEL sequences is also Sir-
dependent. Plasmid stability is thought to result when the Sir complex tethers the plasmid to 
a structure at the nuclear periphery such as the telomeres. CEN antagonism likely results 
from conflict between Sir-mediated segregation and C£7V-mediated segregation. Support for 
mechanistic differences between CEN- and Sir-mediated segregation comes from the 
observation that the CEN and telomeres differ in their sub-nuclear localization. Additionally, 
unlike Sir-mediated segregation, CEN segregation is inhibited by drugs that affect spindle 
formation. 
We have previously shown that the integrase encoded by the retrotransposon Ty5 
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interacts with Sir4p, and that this interaction underlies Ty5's preference to integrate into 
heterochromatic domains. The integrase/Sir4p interaction is mediated by a short peptide 
motif called the targeting domain (TD), which is comprised of six amino acids (LDSSPP). 
Here we report that TD causes CEN plasmid instability (referred to as CEN+TD antagonism). 
This occurs when the TD is tethered to a CEN plasmid as part of a Gal4p DNA binding 
domain (GBD) fusion protein. Sir2p, Sir3p, and Sir4p are required for CEN+TD antagonism, 
and the antagonism is exacerbated by mutations in the non-homologous end-joining pathway. 
We show a similar role for the non-homologous end-joining pathway in CEN+HM 
antagonism. Collectively, our results suggest that double strand breaks are induced in CEN 
plasmids that carry HM or TEL sequences or are bound by GBD-TD. The extent to which 
this breakage can be repaired determines the extent of plasmid stability. 
Results 
Tethering GBD-TD to a CEN plasmid causes a segregation defect. 
Our previous work suggested that the Ty5 TD could effectively nucleate silent 
chromatin. For example, GBD-TD fusion proteins establish silencing at mutated HM 
silencers in their native chromosomal context. To further monitor the biological activity of 
GBD-TD, we constructed a plasmid (pPF28) to which GBD-TD could be tethered (Fig. 1A). 
pPF28 contains nine repeats of the binding site of GBD (UASg) within the polylinker of the 
CEN plasmid pRS416. Also included is a SUP4 suppressor tRNA. SUP4 suppresses the 
ade2-101 mutation, causing a white colony phenotype, thereby making it easy to monitor the 
presence of the plasmid. 
PPF28 was introduced into the yeast strain W303 along with a plasmid that expresses 
either GBD-TD or a GBD-TD fusion with a point mutation in the targeting domain. The 
point mutation (Serl094Leu) randomizes Ty5 integration and renders TD unable to bind 
Sir4p. The mutant form of TD is hereby distinguished from the wild type by lowercase 
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letters (e.g. GBD-td). The wild type and mutant form of the fusion proteins include only nine 
amino acids of Ty5 integrase, six of which define the TD. When grown on medium that 
selects for pPF28, a severe plating defect was observed for the strain expressing GBD-TD in 
contrast to the strain expressing GBD-td (Fig. IB). On nonselective medium, pPF28 (and its 
SUP 4 marker) were rapidly lost from the strain expressing GBD-TD, giving rise to red 
colonies. In contrast, pPF28 was more stable in the strain expressing GBD-td, as evidenced 
by the sectored colonies. These colony phenotypes suggest that the plating defect was due to 
a defect in plasmid segregation. 
To quantify the segregation defect, strains with pPF28 that expressed either GBD-TD 
or GBD-td plasmids were grown overnight in selective liquid medium (SC-L-U) before being 
diluted and spread onto either selective (SC-L-U) or non-selective plates (SC-L). The mitotic 
stability of the plasmid was calculated as the number of colonies on selective medium 
divided by the number of colonies on non-selective medium. An approximately 10-fold 
defect in plasmid stability was observed for the GBD-TD expressing strain relative to the 
strain expressing GBD-td (Fig. 2A). The segregation defect required the UASg repeats in 
pPF28, indicating that binding of GBD-TD to the plasmid was responsible for the observed 
phenotype. The antagonism was also ŒW-dependent, as it was not observed when GBD-TD 
was tethered to an equivalent 2\i plasmid. One possibility for the segregation defect is that 
the URA3 gene on pPF28 is silenced by chromatin nucleated by GBD-TD. However, 
efficient URA3 silencing only occurs if its transcription is compromised either by mutation of 
the transcriptional activator PPR1 or its cis-acting binding site. We found that the 
antagonism was not affected by mutation in PPR1 or its binding site (data not shown). 
Although this experiment does not directly measure the transcriptional status of URA3, it 
suggests that the antagonism was not due to silencing of the URA3 marker. 
As an alternative assay to monitor plasmid segregation, serial dilutions of cultures 
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expressing GBD-TD or GBD-td were spotted onto selective and non-selective plates. 
Comparisons of cell growth between the test and control strains made it possible to estimate 
the extent of the segregation defect. One observation made using the spot dilution assay was 
that the strain background influenced plasmid segregation (Fig. 2B and Table 2). The defect 
was tenfold in W303 background, 2-5-fold in a YPH499 background, and no defect was 
observed in BY4742. 
Using the spot dilution assay, the segregation defect was found to depend on SIR2, 
SIR3, and SIR4 (Fig. 2A and Table 2). This is similar to other studies that have shown a Sir-
dependence for CEN+HM and Œ7V+TEL antagonism. We next tested test whether the Sir-
dependence was a direct effect of the loss of Sir proteins or a secondary consequence of 
derepression of the HM loci, which in sir strains, results in expression of both a and a mating 
type information (pseudodiploidy). This was accomplished by measuring plasmid 
segregation in W303-1B sir strains in which HMR had been deleted (Table 2). These strains 
only express a-mating type information, and the lack of an observed segregation defect 
indicates that the Sir complex is directly responsible for the antagonism. Antagonism, 
however, was observed in a sir4-42 hmr background. Sir4-42 expresses a C-terminal 
truncation of Sir4p, yet it can still direct Ty5 integration to the rDNA, indicating that it can 
still bind TD . This likely explains the activity of this mutant form of the protein. Thus, in 
terms of its Sir-dependence, tethered GBD-TD mimics the effects of the HM loci and TFT, 
sequences on CEN plasmid stability. Hereafter we refer to the segregation defect as 
CEN+ TD antagonism. 
Strains develop resistance to CE7V+TD antagonism. 
After overnight growth and spotting onto selective medium, some of the yeast 
colonies expressing GBD-TD exhibited a large, rapid growth phenotype (see Fig 3A). When 
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the spot dilution assay was repeated with these colonies, they no longer exhibited CE7V+TD 
antagonism (Fig. 3B). This is in contrast to the small colonies, which recapitulated the 
segregation defect (data not shown). To characterize the nature of the resistance, sixty 
colonies were grown in liquid medium that selects for both plasmids. Forty-eight of these 
cultures generated resistant colonies, as determined by rapid colony growth on solid medium 
that selects for both plasmids. Independent resistant colonies were analyzed and found to fall 
within three categories. For most colonies (24 of 48), the CEN plasmid (pPF28) had 
recombined with the 2\i plasmid that expresses GBD-TD. This was evidenced by the 
inability of these strains to grow on SC-L 5-FOA medium, which selects for the 2|_i plasmid 
and against URA3 on pPF28 (data not shown). Furthermore, the strains displayed a uniform 
white color on SC-L medium and a sectored phenotype on SC medium (Fig 3B), indicating 
that SUP4 was lost when selection for the GBD-TD-expressing plasmid was relaxed. Several 
plasmids were isolated by from these strains, and restriction endonuclease mapping revealed 
that all were indistinguishable and consistent with being derived from recombination 
between the CEN and 2\i plasmids (data not shown). 
The remaining 24 colonies that showed the rapid growth phenotype were able to grow 
on SC-L 5-FOA medium (and thereby able to lose pPF28). These strains were retransformed 
with pPF28, and seven of the 24, no longer showed CEN+TD antagonism (data not shown). 
These strains likely have a mutation in a requirement for CETV+TD antagonism (e.g. a sir 
mutation or a mutation that effects GBD-TD function or expression). The remaining 17 
strains retained CE7V+TD antagonism after loss and retransformation with pPF28 (data not 
shown). To understand the nature of their resistance, pPF28 was recovered in E. coli from 
the original resistant strains. Plasmids could not be recovered from four strains, possibly due 
to a deletion of sequences required for propagation in E. coli. Plasmids from the other 13 
strains had most of the UASg repeats deleted as determined by DNA sequencing (data not 
shown). Thus, the rapid growth phenotype of category 3 strains was due to the inability of 
24 
GBD-TD to effectively bind pPF28. 
To understand the mechanism underlying the plasmid rearrangements, colonies 
displaying a rapid growth phenotype were characterized from a rad52 strain, which is 
defective in homologous recombination, and from a mrell strain, which is defective in non­
homologous end-joining (Pâques and Haber 1999). Forty independent rad52 and mrell 
transformants were grown overnight in selective liquid medium and plated onto selective 
solid medium. Twenty of the rad52 cultures gave rise to resistant colonies as did 24 of the 
mrell cultures. Of the 20 resistant strains characterized in the rad52 strain, none had 
undergone fusion of the two plasmids or had deletions of the UASg repeats (data not shown). 
In contrast, for eight of 24 strains derived from the mrell background, resistance was due to 
recombination of pPF28 with the GBD-TD-expressing plasmid. This indicates that 
homologous recombination was responsible for plasmid fusion and deletion of the tandem 
UASg repeats. 
CE7V+TD and CEN+HM antagonism involves the Ku-MRX complex. 
In characterizing the mechanism for the acquired resistance, it was noted that the 
segregation defect was greatly enhanced in mrell strains. This is shown in Figure 4 for an 
mrell mutant of BY4742 (note that the segregation defect is not discernible in the wild type 
strain). Additional strains with mutations in DNA repair genes were tested to further define 
requirements for the segregation defect (Table 3). For these experiments, the spot dilution 
assay was used in which growth is compared between isogenic strains expressing either 
GBD-TD or GBD-td. Yku70 (YPH499) and yku80 (YPH499) mutants grew very slowly 
when plated onto solid medium that selected for pPF28 and the plasmid expressing GBD-TD 
(5-7 days for 1mm colonies to form compared to 1 1/2 to 2 days for isogenic strains 
expressing GBD-td; data not shown). Because the yku strains expressing GBD-TD were also 
not cultivable in liquid medium, quantification of the segregation defect was not possible. A 
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segregation defect was also observed in & yku70 BY4742 background, whereas no 
segregation defect was observed for the wild type strain or the mutant strain expressing 
GBD-td. The yeast Ku proteins play a number of cellular roles. Yku70p and YkuBOp 
interact with the MRX complex (Mrel lp, Xrs2p, and Rad50p) to carry out non-homologous 
end-joining (NHEJ). Components of the Ku-MRX complex also act in telomere maintenance 
(through TEL1) and homologous recombination (through RAD52 and RAD55). To discern 
which of these pathways Ku is influencing to exacerbate the segregation defect, additional 
mutant strains were assayed. In addition to mrell, the segregation defect was also observed 
in rad50, xrs2 and dnl4 mutants of BY4742 (Table 3). Dnl4p is the ligase used for NHEJ, 
and Rad50p and Xrs2p act with Mrel lp in non-homologous end joining. Thus the role of the 
Ku-MRX complex in NHEJ appears to be critical for maintaining pPF28. This is further 
supported by the observation that a BY4742 tell mutant did not have a segregation defect, 
and that no difference in antagonism was observed in rad52 (YPH499) or rad55 (BY4742) 
mutants. 
The mutant strains were also used to measure CEN+HM antagonism to see whether 
they shared the same genetic requirements as ŒW+TD antagonism. The CEN plasmid used 
for the assay carried a complete HMR locus. Defects in CEN+HM antagonism were 
measured by the spot dilution assay. Strains that had a CEN+TD segregation defect 
generally had a similar level of CEN+HMR antagonism (Table 3). CEN+HM antagonism 
was also exacerbated by mutations in the Ku-MRX NHEJ pathway. 
Discussion 
Ty5 targeting determinants destabilize CEN plasmid segregation. 
Target specificity of the yeast Ty5 retrotransposon is mediated by a six amino acid 
sequence motif of integrase (the targeting domain, TD), which interacts with Sir4p, a 
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component of yeast heterochromatin. TD can effectively nucleate heterochromatin through 
its interaction with Sir4p. For example, GBD-TD fusion proteins restore transcriptional 
silencing when tethered to a chromosomal HMR locus with silencer mutations. Here we 
demonstrate another biological activity of GBD-TD, namely an effect on plasmid segregation 
when bound to CEN plasmids. This effect is similar to that observed for cloned telomeric 
repeat sequences (TEL) or HM loci. Like tethered transcriptional silencing, TD likely 
mediates its effect on plasmid stability by nucleating components of yeast heterochromatin. 
Chromatin requirements for CZsiV+TD antagonism. 
Similar to the CEN antagonism mediated by the HM loci and TEL sequences, 
CEN+TD antagonism requires SIR2, SIR3, and SIR. The Sir dependence is not due to 
derepression of the HM loci that characterizes sir mutations, because no segregation defect 
was observed in strains that only express a-mating type information (MATa sir A hmrA). In 
sir strains with the wild type configuration of HM loci, coexpression of a and a-mating type 
information turns off the NHEJ pathway used by haploid cells to repair double strand breaks. 
This occurs by down-regulating expression of Nejlp, a key regulator of NHEJ. As described 
below, the NHEJ pathway is required to stabilize CEN+HM, CEN+ TEL and Œ7V+TD 
plasmids. Thus, one would predict that CEN+TD antagonism would be enhanced in sir A 
strains because NHEJ is inactive. However, the lack of a segregation defect in both sirA and 
sir A hmrA strains suggests that the Sir proteins act upstream of NHEJ. This is consistent 
with a model wherein Sir proteins are required for a plasmid segregation pathway that 
competes with C£7V-segregation and results in plasmid breakage (see below and Fig. 5). 
Without the competing Sir-mediated segregation, NHEJ is no longer needed to stabilize the 
plasmid. 
CE7V+TD antagonism was observed in a sir4-42 background at levels comparable to 
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wild type strains. Sir4-42 expresses a C-terminal Sir4p truncation that cannot interact with 
Raplp, which usually tethers Sir4p to the telomeres and HM loci. Interaction between the 
C-terminus of Sir4p and DNA-bound Raplp is one of the first steps in the assembly of 
heterochromatin. CEN+TEL antagonism is diminished by some rap] mutations, indicating a 
direct involvement of Raplp in Sir-dependent plasmid segregation. Ty5 targeting still occurs 
in sir4-42 strains, albeit to the rDNA, and integrase can still interact with Sir4-42p (Y. Zhu 
and D. Voytas, unpublished). The CEN+TD antagonism observed in sir4-42 strains suggests 
that the role of Raplp is supplanted by tethering Sir4p to DNA through GBD-TD. 
Previous work has shown that when tethered to ARS plasmids, fusions between LexA 
and the Sir4p C-terminus facilitate plasmid partitioning between mother and daughter cells. 
Because TD interacts with Sir4p, these two tethered molecules might be predicted to 
influence plasmid stability by similar mechanisms. Since CEN+TD antagonism and mitotic 
partitioning are formally two different assays, additional experiments will be required before 
definitive conclusions can be drawn regarding mechanistic similarities between the action of 
tethered TD and tethered Sir4p. 
Acquired resistance to CEA^+TD antagonism suggests a role for double-strand break-
repair. 
After growth on selective medium, strains with GBD-TD tethered to a CEN plasmid 
gave rise to two colony phenotypes: a small, slow-growing phenotype that retained CE7V-TD 
antagonism, and a large, rapid-growing phenotype that had escaped the antagonism. Three 
mechanisms for escaping antagonism were observed. The first involved recombination 
between the CEN plasmid and the 2u, plasmid that expresses the GBD fusion protein. This 
moves the selectable markers from the CEN plasmid to the 2a plasmid, which is resistant to 
antagonism. Fused plasmids were not recovered from a rad52 strain, indicating that they are 
generated by homologous recombination, presumably between sequences shared by the two 
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plasmids (e.g. the Ampr gene). 
Colonies that overcame the segregation defect in a manner other than recombination 
with the 2\i plasmid were divided into two additional categories. The first included strains 
that did not have a segregation defect after loss of the UASg-containing CEN plasmid and 
retesting with a fresh CEN plasmid. These strains likely had a mutation in a host gene 
essential for the defect (e.g. SIR2, SIR3, or SIR4). Alternatively, they could have a mutation 
in GBD-TD or a gene necessary for GBD-TD expression. The third group was comprised of 
rad52 strains that had a segregation defect after loss and retransformation of the CEN 
plasmid. Plasmids recovered from strains within this third group had a deletion of most of 
the UASg repeats and therefore could not effectively bind GBD-TD. Some plasmids could 
not be recovered in E. coli, suggesting they suffered a deletion or mutation in functions 
required for replication in bacteria (e.g. Ampr gene, origins of replication). 
Mutations in the NHEJ pathway exacerbate CEN+TD and CEN+HM antagonism. 
While studying escape from the CEN+TD antagonism, we observed a severe 
segregation defect in strains with mutations in genes involved in non-homologous end-
joining. We therefore surveyed strains with mutations in DNA repair for their role in 
antagonism. This analysis strongly suggested that double strand breaks underlie CEN+TD 
antagonism. Yku70 mutants had a very strong segregation defect in all strains tested, 
including a strain that does not otherwise exhibit CEN+TD antagonism (BY4742). Yku70 
strains were not cultivable in medium that selected for both the CEN plasmid and the plasmid 
expressing GBD-TD, thereby preventing quantification of the defect. Furthermore, after 
overnight growth in non-selective liquid medium and plating to selective medium, no 
colonies were recovered, indicating very strong selective pressure acting against the CEN 
plasmid with tethered GBD-TD (data not shown). Cells with a single double strand break 
arrest in G2/M to repair the break (Sandell and Zakian 1993). If the break is not repaired the 
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cell continues to divide, or adapt, in spite of the double strand break, and this adaptation fails 
to occur in a yku70 mutant (Lee et al. 1998). The failure to adapt to double strand breaks 
could contribute to the extreme growth defect seen in yku,70 backgrounds. 
The Ku proteins have been implicated in tethering telomeres to the nuclear periphery, 
and Ku could contribute to the Sir-dependent segregation that antagonizes C£7V-segregation. 
This is likely not the only role for Ku in CEN+TD antagonism, however, because other 
components of the NHEJ pathway (i.e. MRE11, RAD50, XRS2 and DNL4) also had an 
extremely slow-growing phenotype and an increased level of CEN+TD and CEN+HM 
antagonism. The phenotype of mutants in the NHEJ pathway, however, was not uniform. 
The Ku mutants exhibited the most severe phenotype. As indicated above, this could be 
because Ku is involved in Sir-dependent plasmid segregation or because of a failure of 
strains to adapt to double-strand breaks in yku backgrounds. The Ku-MRX complex also acts 
in telomere maintenance through TEL1 ; however, mutations in TEL1 did not induce a 
plasmid segregation defect, implying that the Ku-MRX does not act through telomere 
maintenance to effect plasmid segregation. The MRX complex is also involved in double 
strand break repair through homologous recombination, but homologous recombination is 
not important for CEN+TD antagonism, because rad52 and rad55 strains had no effect on 
plasmid segregation, apart from eliminating classes of rescue events. We noted a significant 
difference in CEN+TD antagonism between strains, with W303 displaying the most 
pronounced antagonism. W303 strains have a mutation in RAD5, which is required for 
efficient non-homologous end-joining; additional work will be required to determine if RAD5 
is responsible for the observed strain differences. Collectively, our results indicate that the 
NHEJ activity of Ku-MRX complex limits the antagonism between CEN and GBD-TD, 
likely by repairing double-strand breaks induced in the plasmid. 
Model for CEN antagonism. 
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Our data is consistent with the model described in Fig. 5. Binding of GBD-TD to the 
CEN plasmid nucleates the Sir complex, which sets up an antagonism with CEN. This 
antagonism can lead to double strand breaks, possibly as a result of stress brought about by 
competing segregation activities. The broken DNA is repaired by the Ku-MRX pathway. 
Sensitive strains eventually gain resistance to antagonism, usually through homologous with 
the 2\i plasmid. Even in wild type strains that do not show the defect in plasmid segregation, 
breakage is likely occurring, since segregation defects are observed in NHEJ mutants. 
Because it is small, biologically active, and genetically well-defined, the targeting domain of 
Ty5 integrase provides an important new reagent to further define the components of yeast 
heterochromatin that mediate plasmid stability. Such studies may also offer insight into the 
mechanism by which Ty5 selects integration sites. 
Materials and methods 
Strain construction. 
The strains and oligonucleotides used in this study are listed in Table 1. SIR2, SIR3, 
and SIR4 were deleted from YPH499 using a one-step PGR deletion protocol. Primers 
DVO1264-1265, DVO1266-1267, and DVO1202-1203 were used to amplify KANmx 
flanked by SIR2, SIR3, and SIR4 sequences, respectively. YPH499 was transformed with 
EtOH-purified amplification products using the lithium acetate method. After heat shock, 
cells were incubated at 30°C for 4 hours and plated on 0.25g/L G418 YPD plates. Deletions 
were verified by a mating test followed by transformation with the relevant SIR gene and 
repetition of the mating test. MRE11 was deleted from YPH499 using a similar strategy. 
Primers DV01374-1375 were used to amplify an MRE11 -flanked TRP1 cassette from 
pRS404. Colonies were screened by PGR with DVO 1373 and DVO 1375 to verify the 
deletion. 
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Plasmid construction. 
PPF28 was made by cloning the 180bp 9xUASg-containing EcoRl-BamHI fragment 
from pXW49 into the EcoRl-BamHI site in the poly linker of the CEN plasmid pRS416 to 
give pPF27 . The same procedure was used to generate the 2|i pPF25. The 900bp Sall-Clal 
fragment from YAC4, which contained SUP4, was then cloned into the Sall-Clal site of 
pPF25 and pPF27 to give pPF26 and pPF28, respectively. Plasmids expressing GBD-TD 
(wild type) and GBD-td (mutant) fusion proteins were previously described. 
Plasmid segregation assays. 
Mitotic plasmid stability was measured as described. For the spot dilution assays, 
strains were grown overnight on SC-L-U, which selects for the GBD-expressing plasmid and 
pPF28. Cells were resuspended in H20 in tenfold serial dilutions, 10 ul of each dilution was 
spotted onto SC-L (selecting for the GBD-expressing plasmid) and SC-U-L plates (selecting 
for both plasmids). Cells were grown at 30C for 2 days. Growth was compared between 
selective and nonselective media and between strains expressing GBD-TD and GBD-td. 
Estimations of the fold defect took account of differences in growth rates of colonies. For 
example the W303 GBD-TD spot assay illustrated in Fig. 2B suggests that 1% of GBD-TD 
colonies grew on selective medium compared to growth on nonselective medium and to the 
GBD-td controls. However, because the GBD-TD expressing colonies grow more slowly, 
the actual difference was closer to 10% of the controls, and hence the defect was reported as 
10-fold. This 10-fold difference was verified by the mitotic plasmid stability assay (Fig 2A). 
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Figure legends 
Figure 1. GBD-TD destabilizes a CEN plasmid to which it is tethered. (A) The test 
plasmid (pPF28) was constructed by cloning into the poly linker of pRS416, nine copies of 
the upstream activating sequence (UASg), which binds the Gal4p DNA binding domain 
(GBD). This enables GBD fusion proteins to be tethered to pPF28. Also included was the 
SUP4 tRNA gene, which suppresses the ade2-101 mutation causing a white colony 
phenotype. (B) Cells were grown overnight in liquid medium that selects for both pPF28 and 
the GBD fusion plasmid. Cells were then plated onto solid medium that selects for the GBD 
fusion plasmid alone (nonselective, SC-L) or both the GBD fusion plasmid and the tethered 
plasmid (selective. SC-U-L). A plating defect was observed with strains carrying both 
pPF28 and GBD-TD fusion plasmid. The plating defect is abrogated by point mutations in 
TD that effect binding to Sir4p (GBD-td). The plating defect results from the instability of 
pPF28 in GBD-TD-expressing strains, as evidenced by the red colonies characteristic of 
rapid pPF28 loss when GBD-TD-expressing strains are grown on nonselective medium. 
Figure 2. Characterization of the plasmid segregation defect. (A) Mitotic stability of 
pPF28 was measured as the number of cells that formed colonies on non-selective medium 
divided by the number of colonies that grew on selective medium. (B) A spot dilution assay 
was used to estimate the extent of the segregation defect, as illustrated here for strain 
differences betweenW303 and BY4742. 
Figure 3. Escape from CEN+TD antagonism. (A) Different sized colonies were 
observed when strains expressing GBD-TD and harboring pPF28 were grown overnight in 
liquid selective medium and spread onto selective plates. (B) Large, fast-growing colonies 
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from panel A were regrown overnight in selective medium and used in spot dilution assays. 
These colonies did not have a segregation defect, as evidenced by uniform growth on 
selective and nonselective media. As described in the results, escape from antagonism was 
due either to recombination with the 2\i plasmid, to chromosomal or GBD-TD mutations, or 
to deletion of the UASg repeats in pPF28. In the topmost strain, the CEN and 2ja plasmid 
have recombined, as evidenced by the absence of red/white sectored colonies on medium 
lacking leucine, which selects for the marker on the 2[i plasmid. When this strain was 
grown on non-selective medium (SC), red and red-sectored colonies appear. 
Figure 4. Mutations in NHEJ exacerbate Œ7V+TD antagonism. Wild type BY4742 
does not display ŒVV+TD antagonism. However, if genes in the Ku-MRX NHEJ pathway 
are deleted, the strain exhibits a severe plasmid segregation defect. This is shown here for an 
mrell strain. 
Figure 5. Model for CEN+TD antagonism. Binding of GBD-TD to the CEN 
plasmid nucleates the Sir complex. Sir-mediated segregation is antagonistic to CEN 
segregation and likely leads to a double strand break in the plasmid. The Ku-MRX complex 
alleviates the antagonism by repairing the double strand break. 
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Table 1. Strains and oligonucleotides used in this study. 
Strain Genotvpe Source 
W303-1B MATade2-I canl-100 his3-l 1,15 leu2-3 trpl-1 ura3-l Alan Myers 
AMR26 W303-1B sir! ::LEU2 Rolf Sternglanz 
YEA86 W303-1B escl::LEU2 Rolf Sternglanz 
YDS71 W303-1B sir2::TRPl Rolf Sternglanz 
YDS73 W303-1B sir3::LEU2 Rolf Sternglanz 
JRY4582 W303-1B ADE2 lys2 sir4::LEU2 Jasper Rine 
YSZ269 JRY4582 TRP1 ::sir4-42 Zhu et al. 1999 
YYZ1 W303-1B rad52::TRPl Zhu et al. 1999 
YYZ212 JRY4582 hmrr.TRPl Zhu et al. 1999 
YYZ214 YDS71 hmr::LEU2 Zhu et al. 1999 
YYZ215 YDS73 hmrr.TRPl Zhu et al. 1999 
YPH499 MATa ura3-52 lys2-801 ade2-101 trpl-63 his3-200 leu2-l Rolf Sternglanz 
YPF235 YPH499 sir2::KAN This study 
YPF236 YPH499 sir3::KAN This study 
YPF237 YPH499 sir4::KAN This study 
YPF245 YPH499 mrel 1 ::TRP1 This study 
BY4742 MAThis30 leu20 lys20 ura20 Brachmann et al. 1998 
10870 BY4742 yku70::KAN Winzeler et al. 1999 
16546 BY4742 yku80::KAN Winzeler et al. 1999 
11781 BY4742 dnl4::KAN Winzeler et al. 1999 
10810 BY4742 mrel 1 ::KAN Winzeler et al. 1999 
14205 BY4742 xrs2::KAN Winzeler et al. 1999 
13114 BY4742 tell::KAN Winzeler et al. 1999 
14011 BY4742 rad55::KAN Winzeler et al. 1999 
16464 BY4742 rad50::KAN Winzeler et al. 1999 
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Table 1. Strains and oligonucleotides used in this study (continued). 
Oligonucleotide Sequence 
DVO 1264 
DVO 1265 
DVO 1266 
DVO 1267 
DVO 1202 
DVO 1203 
DVO 1273 
DVO 1274 
DVO 1275 
atgaccatcccacatatgaaatacgccgtatcaaagactagccgtacgctgcaggtcgacg 
ttagagggttttgggatgttcatctgatgtaacgacatacacatcgatgaattcgagctc 
atggctaaaacattgaaagatttggacggttggcaagttatccgtacgctgcaggtcgacg 
tcaaatgcagtccatatttttgaattcttcatccatcgaaaaatcgatgaattcgagctc 
cagccaatgccaaatgacaataagacacccaataggtccaacggctcctcgctgcagacc 
cgtaaagtaaagtaaattgttcattatagaagaaaacgactgcgcacttaacttcgcatc 
actcgaaacagctggatctc 
gcagacaattgacgcaagttgtacctgctcagatccgataaaactcgactgctgtgcggtatttcacacc 
taccttgttgttcgcgaaggcaagccccttggttataaataggatataatagattgtactgagagtgcacc 
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Table 2. Strain and Sir-dependence of CEN+TD antagonism. 
Strain Genotype Fold segregation defect3 
YPH499 
W303-1B 
BY4742 
W303-1B 
W303-1B 
W303-1B 
W303-1B 
W303-1B 
W303-1B 
W303-1B 
wild type 
wild type 
wild type 
sir2A 
sir3A 
sir4A 
sir2A hmrA 
sir3A hmrA 
sir4A hmrA 
sir4-42 hmrA 
2-5x 
lOx 
None observed 
None observed 
None observed 
None observed 
None observed 
None observed 
None observed 
5x 
" The fold segregation defect was measured by the spot dilution assay wherein growth is 
compared between strains expressing GBD-TD and GBD-td. 
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Table 3. Effect of mutations in DNA repair and telomere maintenance on CEN+TD 
and CEN+HMR antagonism. 
Strain Genotvne Fold segregation defecta 
ŒW+TD CEN+HMR 
YPH499 wild type 2-5x <2X 
YPH499 yku70A NC-LMb 10x 
YPH499 yku80A NC-LM ND° 
YPH499 mrell IS. 10x 10x 
YPH499 rad52A 5x ND 
BY4742 wild type None observed <2x 
BY4742 yku70A NC-LM 10x 
BY4742 dnl4A 5x 10x 
BY4742 mrell IS 10x 10x 
BY4742 xrs2A 10x 10x 
BY4742 rad50A 10x ND 
BY4742 tell A None observed ND 
BY4742 rad55A None observed ND 
The fold segregation defect was measured by the spot dilution assay wherein growth is compared between strains 
expressing GBD-TD and GBD-td (CEN+TD) or for CEN plasmids with and without H MR (CEN+HMR). 
bNC-LM: Not cultivable in liquid medium 
°ND: Not determined 
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Abstract 
The Saccharomyces retrotransposon Ty5 targets integration to heterochromatin by 
means of an interaction between Sir4p and integrase. The C-terminus of integrase (INC) 
interacts directly with Sir4p, a component of heterochromatin in budding yeast. Several 
amino acid residues required for the Sir4p::INC interaction were previously identified in the 
C-terminal PAD domain of Sir4p, which enables Sir4p to efficiently partition plasmids 
during mitosis (Ansari and Gartenberg 1997). The region of the PAD domain required for 
interaction with INC was further mapped using alanine-scanning mutagenesis. PAD domain 
amino acids required for the Sir4p::INC two-hybrid interaction were also required for 
transcriptional silencing and two-hybrid interactions between Sir4p and several other 
proteins, including three novel Sir4p interactors: Chdlp, Nma2p and Sumlp. Dot4p, a 
putative deubuiquitinase required for maintenance of Sir4p, is among the proteins that no 
longer bind to the mutant sir4 alleles. Sir4p levels are considerably lower in strains carrying 
mutant alleles of sir4, as they are in a dot4 background; however, mutant and wild type Sir4p 
levels are comparable in a dot4 background. Sir4p mutants do not silence as well as the wild 
type allele in a dot4 background, suggesting the inability to bind Dot4p is not the only factor 
involved in the observed depression of Sir4p. 
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Introduction 
The Saccharomyces retroelement Ty5 preferentially integrates into heterochromatin-
bound DNA found at the telomeres, HM loci and rDNA (Zou, Ke et al. 1996). Ty5 is 
thought to have evolved this targeting pattern to avoid insertion into and disruption of open 
reading frames and promoters (Zou, Wright et al. 1995). This targeting pattern is the result 
of an interaction between Sir4p, a component of heterochromatin, and the C-terminus of the 
Ty5 integrase (INC) [Xie, Gai, et al. 2001; Zhu et al. manuscript in preparation]. A short 
motif in integrase (LDSSPP), called the targeting domain (TD), is required for the interaction 
with Sir4p and targeted transposition (Gai and Voytas 1998; Xie, Gai et al. 2001). Amino 
acids in Sir4p were also identified that are required for the interaction with Sir4p and targeted 
transposition (Zhu, et al. manuscript in preparation). 
Binding of Sir4p to Raplp is the first step in initiating the formation of the 
heterochromatin (Luo, Vega-Palas et al. 2002). Subsequently, Sir2p and Sir3p bind, and 
chromatin condensation is achieved by the histone deacetylase activity of Sir2p (Tanny, 
Dowd et al. 1999; Hoppe, Tanny et al. 2002). The resulting condensed chromatin is 
transcriptionally inactive and less accessible to modifying enzymes such as nucleases 
(Nasmyth 1982; Reimer and Buchman 1997). We speculate that Ty5 integrase requires a 
mechanism to access the DNA in heterochromatin to integrate its cDNA. In this study we 
examine the region of Sir4p that interacts with integrase in hopes of understanding the 
consequences of the Sir4p::INC interaction. 
The region of Sir4p required for interaction with integrase was first mapped by 
deletion and alanine scanning mutagenesis. Amino acids important for the interaction fell 
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within the previously described PAD domain. When Sir4p is tethered to a plasmid, the PAD 
domain enables Sir4p to effectively partition plasmids to daughter cells (Ansari and 
Gartenberg 1997). A two-hybrid library screen was performed to identify novel Sir4p 
interacting proteins and to test if they, along with previously characterized Sir4p interacting 
proteins, required the same PAD domain amino acids as integrase in order to interact with 
Sir4p. We found that amino acids required for the Sir4p::INC interaction are also required 
for the interaction between Sir4p and several other proteins, including Dot4p, a putative 
deubiquitinase required for Sir4p stability. Mutation of amino acids in the PAD domain also 
results in Sir4p instability and partial loss of silencing. Because Ty5 interacts with a region 
important for Sir4p stability, we speculate that Ty5 may gain access to heterochromatin-
bound DNA through its interaction with the Sir4p PAD domain. 
Results 
Amino acids in the PAD domain are required forSir4p::INC and other Sir4p 
interactions. 
Previously, we observed that expression of the Ty5 targeting domain (TD) disrupted 
telomeric silencing. We hypothesized that the interaction between TD and Sir4p was 
interfering with Sir4p's normal function (Xie, Gai et al. 2001). In an independent study, 
amino acids required for the two-hybrid interaction between Sir4p and either TD or INC 
were identified (Zhu, et al. manuscript in preparation). These included two adjacent residues, 
namely W974 and R975, which reside within the Sir4p C-terminus (SIR4C, defined as amino 
acid residues 950-1358). Two-hybrid analysis was used to further define the domain of 
SIR4C required for the SIR4C::INC interaction. Single alanine point mutations were 
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introduced into SIR4C ranging from amino acid 976 to 988. A double alanine substitution 
was made at 889-890. These constructs were assayed for their ability to interact with INC in 
the two-hybrid assay. Substitution of amino acids W978, L982 or V986 with alanine was 
found to abrogate the SIR4C::INC interaction (Fig. 1A). The minimum region of SIR4C 
required for the interaction with INC was identified using C-terminal truncations of Sir4p. 
The minimum fragment of Sir4p that interacted with Ty5 integrase spans amino acid 971-
1082, roughly equivalent to the first half of the PAD domain (Ansari and Gartenberg 1997) 
(Fig. IB). 
Identification of novel Sir4p binding proteins and effects of PAD domain mutations on 
Sir4p:: protein interactions. 
SIR4C binds many proteins, including Raplp, Sir3p, Dot4p and Yku70p (Moretti, 
Freeman et al. 1994; Buck and Shore 1995; Tsukamoto, Kato et al. 1997; Kahana and 
Gottschling 1999). In addition to the PAD domain, SIR4C contains a leucine zipper, which 
mediates Sir4p homodimerization. Several of the interactions with other proteins require the 
region that encodes the leucine zipper of Sir4p (Luo, Vega-Palas et al. 2002). In contrast, 
INC and Esclp, a protein involved in mitotic partitioning of Sir4p, only require an intact 
PAD domain for their interaction (Andrulis, Zappulla et al. 2002). By identifying proteins 
that interact specifically with the Sir4p PAD domain, we hoped to gain a better 
understanding of how integrase was inserting Ty5 cDNA into heterochromatic DNA. 
In order to identify proteins that require an intact PAD domain for interaction, a two-
hybrid library screen was carried out using as bait both wild-type SIR4C and SIR4C 
derivatives with PAD domain mutations. We also directly tested several previously identified 
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proteins known to interact with Sir4p. We identified five Sir4p binding proteins in our 
library screen, three of which have not been previously characterized. The first of the novel 
proteins identified, Sumlp, interacted with the wild type allele but not with the PAD domain 
mutant. Sumlp also required the C-terminus of Sir4p for interactions. The interaction was 
strengthened by the deletion of SIR4, but was not affected by deletion of SIR2 or SIR3 
(Figure 2A). A second novel protein, Chdlp, interacted more strongly with the wild type 
allele than the mutant allele, but it also interacted with the leucine zipper domain of Sir4p 
that lacks the PAD domain. Interaction between SIR4C and Chdlp was not affected by 
deletion of SIR2, SIR3 or SIR4 (Figure 2B). The third novel protein, Nma2p, was not 
affected by the PAD mutations. Nma2p interacted with the C-terminal portion of Sir4p that 
lacked the PAD domain and was not affected by the deletion of SIR2, SIR3 or SIR4 (Figure 
2C). Among the proteins known to interact with Sir4p, we found that the leucine zipper of 
Sir4p and Sir3p both interacted with the mutant and wild type Sir4 proteins (Figure 2D). 
Finally, both Dot4p and Esclp interacted with the wild type but not the mutant derivative of 
Sir4p (Figure 2E). 
Amino acids required for interaction with Ty5 INC are necessary for Sir4p stability 
and transcriptional silencing. 
Because amino acid residues in the PAD domain of Sir4p are required for interaction 
with numerous proteins, we hypothesized that sir4 alleles with these mutations would impair 
the function of Sir4p in silencing. We therefore reconstructed full-length sir4 alleles with the 
various point mutations. After transforming plasmids carrying these alleles into a 
sir4A strain, we tested mating and telomeric silencing. Cells with the mutant sir4 alleles 
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were still able to mate, as evidenced by growth on minimal media; however, their ability to 
silence a telomeric URA3 marker gene, as monitored by the ability to grow on 5-FOA 
containing media, was severely impaired (Figure 4A). The R975A mutant, which was able 
to interact with integrase when incorporated into the larger SIR4C 950-1358 construct, but 
not the SIR4C 970-1358, grew approximately 10 fold less than wild type on 5-FOA 
containing media. The W974A allele grew 10 fold less than the R975A allele and 100 fold 
less than the wild type allele (Figure 4B). Combining these two mutations decreased 
silencing below the level seen in either individual mutant, as evidenced by the approximately 
1000 fold growth defect compared to the wild type. 
Of the proteins identified that interacted with the wild type SIR4C allele but not the 
mutant allele, only Dot4p has a known role in silencing. Overexpression or deletion of 
DOT4 was found to break telomeric silencing (Kahana and Gottschling 1999). In the latter 
case, Sir4p appears to have been degraded at a high rate, likely due to the lack of Dot4p 
deubiquitination activity. We reasoned that if Dot4p is unable to interact with the mutant 
Sir4p it might not be able to deubiquitinate it, leading to higher turnover, which would in 
turn, cause the loss of telomeric silencing. We tested Sir4p levels in strains expressing 
mutant alleles of Sir4p and found that the levels of Sir4p were significantly lower compared 
to wild type (Figure 4C). 
If the lack of interaction between Dot4p and the SIR4 PAD mutants was causing 
higher Sir4p turnover in a manner similar to that of a dot4 strain, one would expect that the 
levels of PAD mutant and wild type Sir4p would be similar in a dot4 strain. Both wild type 
and mutant alleles expressed comparable levels of Sir4p in a dot4 background, although the 
level of Sir4p is lower than in a dot4 strain before SIR4 is knocked out and reintroduced 
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(Figure 5A, data not shown). The silencing ability of wild type and SIR4 alleles with PAD 
mutations were also assayed in dot4 backgrounds by the ability to grow on media containing 
5-FOA. The wild type and R975 alleles of SIR4 silenced the telomeric URA3 gene at 
approximately the same level (Figure 5B). The W974A allele of SIR4 grew about 10 fold 
less on media supplemented with 5-FOA, indicating that in a dot4 background, it still was not 
as efficient at silencing as the R975A mutant or wild type. SIR4 expressed from a high copy 
vector in a dot4 background was able to silence the URA3 gene to the point that little growth 
difference is seen when comparing media containing or lacking 5-FOA. 
Discussion 
Ty5 integrase interacts with the Sir4p PAD domain. 
The targeted integration of Ty5 to heterochromatin has previously been shown to be 
mediated by an interaction between integrase and Sir4p (Zou and Voytas 1997, Zhu, 1999 
#1055; Zhu, Zou et al. 1999). Identification of the region of integrase that is necessary for 
targeting and the interaction with Sir4p allowed us to study the interaction of the two proteins 
and ask questions about the mechanism of targeted integration that go beyond this interaction 
(Gai and Voytas 1998). The observation that TD has anti-silencing activity suggests that Ty5 
may utilize TD to gain access to DNA bound in heterochromatin. We reasoned that 
identifying the specific region of Sir4p with which integrase interacts may shed light on this 
mechanism. For example, proteins that bound to this region of Sir4p might be blocked or 
displaced by the binding of integrase. We also hypothesized that Ty5's integrase might be 
affecting some cellular pathway that regulates heterochromatin, and that by identifying 
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proteins that bound to the same region of Sir4p as integrase, we might be able to elucidate the 
mechanism of TD anti-silencing. 
In order to test this hypothesis, we identified amino acid residues in Sir4p required for 
the interaction with integrase. We first mapped the region of Sir4p required for interaction 
with the Ty5 INC and found that the minimal fragment of Sir4p that supported an INC 
interaction spanned amino acids 971-1082. Our results further identified four hydrophobic 
amino acids required for the SIR4C::INC interaction. These amino acids are in the PAD 
domain and include W974, W978, L982, and V987. Our findings are consistent with a 
recent study in which a novel Ty5 integration hotspot is created by tethering the C-terminus 
of Sir4p (Zhu, Dai et al. 2003). It is also consistent with a previous study that demonstrated 
Ty5 targeting in the absence of the Sir4p leucine zipper (Zhu, et al. manuscript in 
preparation; (Zhu, Zou et al. 1999). We cannot say at this time whether the critical residues 
directly interact with integrase or whether the mutations perturb some secondary structure, 
although recent work supports a direct interaction between the proline residues of the Ty5 
targeting domain and the tryptophan residues of Sir4p, two of which are required for the 
interaction (data not shown). 
Novel Sir4p binding proteins. 
Although the interactions between Sir4p and other proteins have been examined 
previously, we decided to rescreen a library for Sir4p interacting proteins. We identified 
three novel proteins that bind Sir4p or Sir4p complexes. Sumlp is involved in a cryptic 
silencing complex. This gene was originally identified as a mutant that restored mating to 
the MAR (SIR) mutations (Klar, Kakar et al. 1985). Suml-lp interacts with Htzlp and Orc5p 
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to silence transcription in a sir background (Rusche and Rine 2001). Because the 
Sumlp::Sir4p interaction occurred in sir backgrounds, we ruled out that other silencing 
factors were bridging between Sir4p and Sumlp. One study does suggest a possible 
interaction between Suml-lp and the Sir proteins. In this study, the Suml-lp complex or Sir 
complex cannot silence a synthetic silencer alone; however, the two complexes together can 
silence (Rusche and Rine 2001). 
The second protein identified with a silencing phenotype was Nma2p, a protein 
involved in a NAD salvage pathway (Anderson, Bitterman et al. 2002) Previous work 
demonstrated a high concentration of Nma2p in the nucleus. Furthermore, an increase in 
silencing was associated with strains with multiple copies of the gene. One possibility is that 
an interaction between the Sir4p complex and Nma2p is funneling NAD to Sir2p or another 
NAD dependent histone deacetylase. 
The other putative Sir4p interacting protein, CHD1, is the only yeast member of the 
chromodomain family (Woodage, Basrai et al. 1997). Proteins with the chromo motif, such 
as HP1 in humans, often play an important role in the formation and maintenance of 
heterochromatin (Avramova 2002). Further characterization of Chdlp will have to be 
performed to verify its role in heterochromatin function, and such studies should provide a 
valuable springboard for future research. 
The interactions between Sir4p and Sir3p or the leucine zipper domain of Sir4p 
were not affected by mutations in the PAD domain. The leucine zipper domain of Sir4p 
binds proteins essential for the initial nucleation of heterochromatin, including Raplp, Sir3p 
and other molecules of Sir4p. Our data suggest that the PAD domain functions as a binding 
site for proteins involved in processes downstream of the formation of heterochromatin. 
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The PAD domain and silencing. 
We were curious as to whether the PAD domain mutations would have an effect on 
transcriptional silencing. If TD was causing anti-silencing by displacing some factor that 
bound to Sir4p, mutations that prevent integrase from interacting with Sir4p might also 
prevent the binding of the displaced factor. We found that while cells expressing the mutant 
alleles of sir4 were still able to mate, their ability to silence a telomeric URA3 gene was 
seriously compromised. 
The finding that Dot4p does not bind to mutant Sir4p, coupled with the lower Sir4p 
levels in a dot4 background suggests that the weakening of telomeric silencing by TD may be 
due to decreases in Sir4p protein levels (Kahana and Gottschling 1999). Western blot 
analysis clearly shows that levels of mutant Sir4p are lower. While mutant and wild type 
Sir4p levels are comparable in a dot4 background, the W974A mutant is not as proficient at 
silencing as the wild type in dot4 strains. The Sir4p levels were also much lower than what 
is seen in a dot4 background in which S1R4 has not been knocked out and reintroduced. This 
suggests that Sir4p in a stable heterochromatin complex is less susceptible to degradation in 
the absence of dot4 than when knocked out and re-introduced. While we think the disruption 
of the Dot4p::Sir4p interaction results in similar Sir4p levels expressed from wild type and 
mutant alleles in a dot4 background, there could be a S//?-dependent growth defect in a dot4 
SIR strain, which would select against transformants expressing high levels of Sir4p (Kahana 
and Gottschling 1999). 
This study examines a region of Sir4p known to bind a large number of proteins, 
including the integrase of Ty5. As mutations disrupting the SIR4C::INC interaction led to 
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Sir4p instability, we were unable to study if the sir 4 mutations disrupt targeted transposition. 
However, an independent study showed that transposition does not occur to sites to which 
mutant versions of Sir4p are tethered (Zhu et al Manuscript in Preparation). We are currently 
characterizing the effect, if any, of the novel Sir4p interacting proteins and Esclp on Ty5 
transposition and silencing. We hope that by continuing to further characterize SIR4C, we 
will gain a better understand of heterochromatin dynamics and Ty5 targeted transposition. 
Material and Methods 
Plasmid manipulation. GAD-INT was cloned by amplifying the C-terminus of integrase 
from pNK254 with oligos 1141 and 1144, digesting with PstI and cloning it into the Smal-
Pstl site of pGAD-CI (pYZ97. GAD-int was cloned using the same strategy except pXW137 
was used as the template (pYZ122). GAD-TD was constructed by cloning the EcoRI-Bglll 
fragment containing TD from pWW45 into pGAD-C3 (Xie, Gai et al. 2001). LexA-SIR4 
950-1358 and 971-1358 were cloned by amplifying the respective fragments with oligos 
1194 (3') and 1138 (5' 950) or 1324 (5' 950). The fragments were digested with EcoRI and 
Bglll and cloned into the EcoRI/BamHI sites of pBTMl 16 (pYZ127 and pYZ255 
respectively). A similar strategy was used to make the lexA-SIR4 alanine scanning 
constructs using the following 5' primers, K971A: 2099 (pPF170), S972A: 1402 (pYZ303), 
S973: 2100 (pPF169), W974A: 1421 (pYZ322), R975A: (pYZ304), Q976A 1987 (pPF125), 
E977A: 1986 (pPF124), W978A: 1985 (pPF123), L979A: 1982 (pPF120), N981A: 2102 
(pPF140), L982A: 2103 (pPF144), K983A: 2104 (pPF141), L984A: 2105 (pPF142), I985A: 
12153 (pPF162), S986A: 2154 (pPF163), V987A: 2155 pPF164) and S988A: 2156 (pPF165), 
LexA-SIR4 950-1132 (pPF154) 950-1091 (pPF156), 950-1082 (pPF199), 950-1080 
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(pPF157) and 950-1251 (pYZ218) were cloned in a similar fashion with the following 3' 
primers (respectively), 2132, 2161, 2288 and 2306 and 1211. LexA-SIR4 971-1359 
L989AV990A was made by initially amplifying two fragments of SIR4 each with the two 
amino acids mutated to alanine and then using these two fragments as templates to amplify a 
fragment equivalent to the combined fragments from the first round of PCR. This fragment 
was then cloned into pBTMl 16 in the same way as the other constructs (pPF188). The 
primers used were 889 with 2288 and 1419 with 2289. LexA-SIR4 971-1275 was 
constructed by digesting LexA-SIR4 971-1358 with EcoRI and EcoRV and cloning this 
fragment into the EcoRI/Smal sites of pBTMl 16 (pYZ199). LexA-SIR4 1081-1358 was 
constructed by amplifying SIR4 with 1139 and 1194 and cloned into the EcoRI/BamHI sites 
of pBTMl 16 (pYZ129). Mutations were confirmed by sequencing and expression was 
confirmed by western blot analysis using anti-LexA or anti-Sir4p antibodies. 
GBD-SIR3 was constructed by amplifying the sequence for amino acids 307-978 of SIR3 
with oligos 2377 and 2378 and cloning it into the BamHI/PstI sites of GBD-C2 and GAD-C2 
(pPF216). GBD-DOT4 was constructed by amplifying the sequence for the entire DOT4 
open reading frame with 2379 and 2380 and cloning it into the EcoRI/BamHI site of GBD-
C1 (pPF211). Full length SIR4 alleles with alanine point mutants were constructed by 
running two rounds of PCR with the second amplifying the overlapping product of the first 
and then cloning this into the SIR4 containing vector pPF94 (SacII/Clal SIR4 in pRS315) or 
pYZ62 (SacII/Clal SIR4 in pRS414). The primers used in the first round were (W974A) 
1489 with 889 and 1490 with 1417. These were then purified and reamplified with 889 and 
1417. The product was cloned into the BamHI/Clal site of pYZ62 and pPF194 to yield 
pPF89 and pPF95 respectively. The same strategy was used to construct the R975 allele. 
59 
1418 amplified with 889 and 1419 was amplified with 1417. The products were pYZ347 
(pRS414 based) and pPF97 (pRS315 based). The W974AR975A allele was constructed by 
amplifying 1673 with 889 and 1674 with 1417. These fragements were again used in a 
second round of PCR using 889 and 1417 yielding pPF93 (pRS414 based) and pPF96 
(pRS315 based). 
Strain construction. SIR knock-outs were made by amplifying selectable markers with 
SIR2, SIR3 or SIR4 flanking sequencing and transforming. Primers used were (SIR2 Kanmx) 
1264 and 1265, (SIRS Kanmx) 1266 and 1267, (SIR4 Kanmx) 1202 and 1203. SIR knockouts 
were confirmed by Western blot analysis and or the inability to mate followed by the 
restoration of mating by transformation of an appropriate SIR plasmid. 
Western blot analysis. Strains were transformed with appropriate plasmids and grown 
overnight in 1ml selective media and diluted with 1ml YPD in the morning. After 3 hours 
growth cell density was measured and equal volumes (about 600ul) were centrifuged, washed 
and resupended in 40ul sample buffer. Cells were boiled for five minutes and 15ul of 
suspended solution was loaded. Santa Cruz anti-Sir2p, anti-Sir4p, anti-GAD, anti-LexA and 
anti-Arp9p were used to detect the respective proteins. 
Two-hybrid. Strains were transformed with Sir4 fusion proteins and either a library or 
known interacting partners and plated on selective media (SC-L-T-U-H ImM 3AT for the 
library screen and SC-T-L for the others). Expression of all SIR4 constructs was verified by 
western blot analysis. Strains were grown overnight in selective media and diluted in ten 
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fold serial dilutions starting with 1 OD. 5ul of each dilution was spotted from each of 5 
dilutions on selective and nonselective plates. Plates were grown for two days at 30° and 
photographed. 
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Figure legends. 
Figure 1 
Identification of SIR4C determinants for the interaction with INC. (A) Alanine 
scanning mutagenesis of SIR4C was used to identify amino acids required for the INC-
SIR4C two-hybrid interaction. Single or double alanine substitutions were introduced 
starting at Sir4p amino acid 976. An interaction between SIR4C and integrase promotes 
expression of a HIS3 gene, allowing for growth on 3-AT supplemented media lacking 
histidine. Three mutations in the region spanning amino acids 976-990 of Sir4p were 
identified that completely disrupt the interaction between INC and SIR4C (W978A, L982A 
and V987A); W974A was previously identified (Zhu, et al. manuscript in preparation). Two 
additional amino acids, R975 and L979, were required for interaction with the 971-1358 but 
not the 950-1358 SIR4C fusion. (B) Two-hybrid analysis was used to define the minimal 
portion of SIR4C that interacted with INC. Sir4p950-1082 interacts with Sir4p slightly 
weaker than the longer 950-1132 fragment. Deleting two more amino acids from the C-
terminus effectively eliminates the interaction. 
Figure 2. 
Effect of point mutations on two-hybrid interactions. A two-hybrid library screen 
was performed to identify proteins that interact with SIR4C. The proteins were then assayed 
for their ability to interact with SIR4C with a mutant PAD domain. Numbers in the upper 
right hand corner of the selective media plates indicate the number of times a given protein 
was identified in the two-hybrid screen. Other proteins with previously characterized Sir4p 
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binding activity not identified in the two-hybrid screen were also assayed. (A) The 
interaction between SIR4C and Sumlp is interrupted by the W974A mutation. Sumlp does 
not interact with N- or C-terminally truncated SIR4C. The interaction between Sumlp and 
SIR4C is strengthened by the deletion of SIR2 and SIR4 but is not changed by the deletion of 
SIRS. (B) The interaction between Chdlp and SIR4C was weakened by the W974A 
mutations but interacted strongly with the N-terminally truncated 1081-1358 SIR4C fusion. 
This interaction was not effected by the deletion of SIR2, SIR3 or SIR4. (C) Another putative 
Sir4p interacting protein, Nma2p, interacts with the wild-type and mutant SIR4C fusions at 
similar levels. Nma2p does not interact with any C-terminally truncated SIR4C fusions but 
does interact with the C-terminal fragment lacking the PAD domain. Deletion of SIR2, SIR3 
or SIR4 does not effect the interaction. (D) The interactions between SIR4C and SIR3C or 
the leucine zipper of SIR4C were not affected by the W974A mutation. (E) The interaction 
between Esclp and Dot4p were completely disrupted by the W974A mutation. 
Figure 3. 
Sir4p interaction with three novel SIR4C/SIR4C complex proteins. Cartoons of the 
Sir4p interacting proteins and some of those proteins' domains are shown. The checkered 
regions of the cartoon represent the relative position of the Sir4p interacting fragment. The 
total amino acids of the protein are given in parenthesis along with the amino acids 
corresponding to the Sir4p interacting region. 
Figure 4. 
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Silencing by Sir4p mutants is compromised by low levels of Sir4p. Mutant alleles of 
sir4 were introduced into a sir4A strain. (A) After mating to a tester strain only diploids were 
able to grow on minimal media. W974, R975, W974AR975A and the wild type SIR4 allele 
were able to mate, as seen by the ability to grow on selective media. The vector control was 
not able to grow. (B) sir4 mutant alleles were compromised in silencing a telomeric URA3 
marker. Silencing was progressively weaker in the order of 
R975A>W974A>W974AR975A, as seen by the inability to grow on media containing 5-
FOA. (C) Sir4p levels were examined by Western Blot analysis in strains expressing wild 
type or mutant Sir4p. Sir4p levels are slightly lower than wild type in the strain expressing 
SIR4 R975A and significantly lower in SIR4W914A and SIR4W974AR975A. Antibodies to 
Arp9p are used as a control for protein loading. 
Figure 5. 
(A) Sir4p levels are similar in a dot4 strain expressing either wild type SIR4 or 
SIR4W914A. Wild type and mutant alleles of SIR4 were transformed into a sir4 dot4 strain. 
Western blot analysis indicates that wild type and mutant Sir4p levels are similar in this 
background. Antibodies to Arp9p are used as a loading control. (B) Silencing of a URA3 
gene by various SIR4 alleles in a dot4 background was assayed by monitoring growth on 5-
FOA containing media. The wild type and R975A allele silence at approximately the same 
level while the W974A mutant silences about ten times weaker than either of the two. Sir4p 
levels are the prime factor in the weak silencing as seen by the higher level of growth on 5-
FOA supplemented media seen in a strain expressing SIR4 from a high copy vector. 
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Table 1 Strains and oligos used in this study 
L40 
yYZ482 
yYZ483 
yJL03 
UCC3505 
Y153 
UCC4599 
Mata LYS2::(lexAop)4-HIS3 his3A200 trpl-901, leu2-3,112 ade2-101 lys2-801 
URA3: :(lexAop)8-LacZ (Hollenberg, Sternglanz et al. 1995) 
L40 jY>2::Kan 
L40 j7>J::Kan 
L40 .v;>4: :Kan 
This Study 
This Study 
This Study 
Mata ura3-52 lys2-801 ade2-101 trpl-A63 his3-A200 Ieu2-Al pprl::HIS3 adh4::URA3-TEL-
VIIL VR-ADE2-TEL Dan Gottschling 
MATa ura3-52 leu2-3,112 his3-200 ade2-101 trpl-901 gal4 gal80 LYS2::GAL1-HIS3 
URA3::GALl-\&cZ (Allen, Walberg et al. 1995) 
MATa ura3-52 hys2-801 amber ade2-107 ochre trpl-A63 his3-A200 Ieu2-Al adh4::URA3-
TEL-VIIL ADE2-TEL-VR pprl ::LYS2 dot4::HJS3 
(Kahana and Gottschling 1999) 
YPF337 UCC4599 sir4::LEU2 This Study 
1141 
1144 
1194 
1138 
1324 
2099 
1402 
2100 
1421 
1403 
1987 
1986 
1985 
1982 
2102 
2103 
2104 
2105 
2153 
2154 
2155 
2156 
889 
2288 
2289 
1419 
2132 
2161 
2288 
2306 
1211 
2377 
2378 
2379 
2380 
1489 
889 
1490 
1417 
1418 
1419 
1673 
1674 
1264 
1265 
1266 
1267 
1202 
1203 
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Table 1 Strains and oligos used in this study (cont.) 
gggagaactaataagaaaccaac 
ccctgcagtcattcttgaaagtcaggcct, 
ggagatcttcaatacggttttatctcct 
gggaattcagagtgtcgcatagtgatac 
gggaattcaaaagctcttggaggcaagaatgg 
aacatcgaattcgctagctcttggaggcaagaatggc 
gggaattcaaagcctcttggaggcaagatgg 
aacatcgaattcaaaagcgcttggaggcaagaatggc 
gggaattcaaaagctctgcgaggcaagaatggctt 
gggaattcaaaagctcttgggcgcaagaatggcttgca 
aacatcgaattcaaaagctcttggagggctgaatggcttgcaaatttgaaacttatttcc 
aacatcgaattcaaaagctcttggaggcaagcttggcttcgaaatttgaaacttatttcc 
aacatcgaattcaaaagctcttggaggcaagaagctcttgcaaatttgaaacttatttcc 
aacatcgaattcaaaagctcttggaggcaagaatgggctgcaaatttgaaacttatttcc 
aacatcgaattcaaaagctcttggaggcaagaatggcttgcagcattgaaacttatttccgtttcgttgg 
aacatcgaattcaaaagctcttggaggcaagaatggcttgcaaatgcaaaacttatttccgtttcgttgg 
aacatcgaattcaaaagctcttggaggcaagaatggcttgcaaatttggcacttatttccgtttcgttgg 
aacatcgaattcaaaagctcttggaggcaagaatggcttgcaaatttgaaagcaatttccgtttcgttgg 
atcgaattcaaaagctcttggaggcaagaatggcttgcaaatttgaaacttgcttccgtttcgttggttgat 
atcgaattcaaaagctcttggaggcaagaatggcttgcaaatttgaaacttattgccgtttcgttggttgat 
atcgaattcaaaagctcttggaggcaagaatggcttgcaaatttgaaacttatttccgcttcgttgtgttgat 
atcgaattcaaaagctcttggaggcaagaatggcttgcaaatttgaaacttatttccgttgcgttggttgat 
ccatcgattaaagaccgtaaagt 
ttttttagatcttttaaggttcacaggacttctgaatatcaaatcc 
gaaacttatttccgtttctgcagctgatgagttcccttcggagc 
tgcaagccattcttgcgcccaagagctttttga 
ggagatctcacattttaaccattaacggttt 
ttttttagatctttttacatgttggaaacaaatctctg 
ttttttagatctttaaggttcacaggacttctgaatatcaaatcc 
aattaaagatctttaatcaaatcccatgttggaaac 
gatgcctcaaagctgcatggtctgtatagac 
ttaattggatccgatctatatcaaaggaactaattgtttcagagg 
ttaattctgcagtcaaatgcagtccatattttgaattcttcatcc 
ttaattgaattcatgaccactcaagaatcgatcaaacctttgg 
ttaattggatcctcatttggtgaacttccttttttatttttttcc 
aagccattcttgcctcgcagagctttttgaaaggt 
ccatcgattaaagaccgtaaagt 
ctttcaaaaagctctgcgaggcaagaatggcttgc 
cgggatcccaaaacatagtt. 
tcaaaaaagctcttgggcgcaagaatggcttgcawas 
tgcaagccattcttgcgcccaagagctttttga 
aacctttcaaaaagctctgcagcacaagaatggcttgcaaatttgaaacttatttcc 
aacggaaataagtttcaaatttgcaagccattcttgtgctgcagagctttttgaaagg 
atgaccatcccacatatgaaatacgccgtatcaaagactagccgtacgctgcaggtcgacg 
ttagagggttttgggatgttcatctgatgtaacgacatacacatcgatgaattcgagctc 
atggctaaaacattgaaagatttggaggttggcaagttatccgtacgctgcaggtcgacg 
tcaaatgcagtccatatttttgaattcttcatccatcgaaaaatcgatgaattcgagctc 
cagccaatgccaaatgacaataagacacccaataggtccaacggctcctcgctgcagacc 
aaatcgattaaagaccgtaaagtaaattgttcattatagaagaaagctgtgcggtatttcacacc 
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Abstract 
The Saccharomyces Ty5 retrotransposon targets integration to heterochromatin 
through an interaction between Sir4p and integrase. This interaction requires a short motif in 
the C-terminus of integrase (LXSSXP), dubbed TD for targeting domain. Expression of TD 
as part of a GAL4 DNA binding domain fusion protein results in the loss of transcriptional 
silencing at the telomeres and HM loci. TD's anti-silencing activity was found to depend on 
the DNA binding activity of the GAL4 DNA binding domain. Western blot, Northern blot 
and transcriptional analyses revealed that TD breaks silencing by promoting Sir4p turnover. 
TD-mediated Sir4p turnover is dependent on SIR2, SIR3 and RISl, a DNA dependent 
ATPase that is a member of the SWI/SNF family. Expression of TD in a risl background 
causes a SIR dependent growth defect. Rislp contains a RING finger motif, which is 
involved in protein turnover in Rislp homologs. Mutations in the conserved residues of the 
Rislp RING finger motif abolish its role in Sir4p turnover and the TD-dependent growth 
defect. Together this data suggest that Rislp is required for the degradation of Sir4p from 
certain loci and that its previously described role in mating type switching is carried out by 
opening the HM loci by promoting Sir4p turnover. 
Keywords: Heterochromatin/Ty5/chromatin-remodeling/5//?4 
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Introduction 
Heterochromatin in the budding yeast Saccharomyces cerevisiae plays several roles, 
including repression of transcription and recombination (Laurenson and Rine 1992). Three 
loci in Saccharomyces are bound in heterochromatin - the telomeres, rDNA and the HM loci 
(Aparicio, Billington et al. 1991; Fritze, Verschueren et al. 1997). The proteins that make up 
heterochromatin at each of these loci differ. Some evidence indicates that a competition for 
factors between the various loci influences the distribution and dynamics of heterochromatin 
formation, with different factors limiting heterochromatin at certain loci. For example, Sir3p 
levels limit the spread of telomeric heterochromatin, while Sir2p released from the telomeres 
in certain genetic backgrounds strengthens rDNA silencing (Buck and Shore 1995; Moazed, 
Kistler et al. 1997). Other mechanisms controlling the spread of heterochromatin are just 
now being elucidated, such as histone methylation by DOT1, which limits the spread of 
Sir3p. The spread of Sir3p, in turn, seems to be promoted by RAD6 mediated ubiquitination 
(Donze, Adams et al. 1999; Ng, Xu et al. 2002; van Leeuwen, Gafken et al. 2002). 
The proteins composing heterochromatin fall into several classes. One group 
includes DNA binding proteins such as Raplp, the origin recognition complex (ORC) and 
histones H3 and H4 (Roth 1995). A second class of proteins includes Sir2p, Sir3p and Sir4p, 
which interact with the DNA binding proteins and with each other to form condensed 
heterochromatin. Sir2p has histone deacetylase activity (HDAC), which further facilitates 
heterochromatin formation (Rine and Herskowitz 1987; Tanny, Dowd et al. 1999). A third 
group of proteins are required at individual loci and do not play a role at others. These 
include Netlp, which acts at rDNA, and Sirlp, which acts at the HM loci (Stone, Swanson et 
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al. 1991; Straight, Shou et al. 1999). In addition to these major classes of proteins, a number 
of additional proteins play a role in the maintenance of heterochromatin both synergistically 
and antagonistically (Pryde and Louis 1997; Dillon and Festenstein 2002). 
The heterochromatin-bound telomeric X-repeats are gene poor compared to the rest 
of the genome, while the HM loci contain an unexpressed, redundant copy of the al and a2 or 
alpha genes. The Ty5 retrotransposon is hypothesized to target these gene poor regions to 
avoid lethal or deleterious insertions into open reading frames (Zou, Ke et al. 1996). Ty5 is 
targeted to heterochromatin through an interaction between Sir4p and the C-terminus of 
integrase. (Xie, Gai et al. 2001). A short motif in integrase, LXSSXP, dubbed TD for 
targeting domain, is necessary for interaction with Sir4 and targeted transposition (Gai and 
Voytas 1998). 
Heterochromatin-bound DNA, especially at the telomeres and HM loci, is not 
transcriptionally active and is resistant to DNA modifying enzymes such as nucleases 
(Reimer and Buchman 1997). Whether Ty5 requires a mechanism to gain access to 
heterochromatin-bound DNA is not currently known. Saccharomyces utilizes a chromatin 
remodeling/recombination system that uses the products of RAD51, RAD52, RAD54, RAD55, 
RAD57 and RISl to carry out mating type switching (Sugawara, Ivanov et al. 1995; Zhang 
and Buchman 1997). Previously, we have shown that expression of the Ty5 targeting 
domain (TD) has anti-silencing activity (Xie, Gai et al. 2001). In this study, we find that TD-
mediated anti-silencing is caused by Sir4p turnover and depends upon RISl, a gene encoding 
a chromatin-remodeling enzyme required for efficient mating type switching. 
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Results 
Ty5 TD breaks silencing by lowering Sir4p levels in a manner that requires DNA 
binding. 
Overexpression of Sir4p interacting proteins, such as Rislp, Dot4p or portions of 
Sir3p, have been shown to disrupt silencing (Zhang and Buchman 1997; Gotta, Palladino et 
al. 1998; Kahana and Gottschling 1999). Because TD interacts with Sir4p, we reasoned that 
this interaction might cause the disruption of silencing (Xie, Gai et al. 2001). Alternately, as 
TD was expressed as a fusion to the Gal4p DNA binding domain (GBD), tethering Sir4p to 
UASg sites might compete silencing factors away from the telomeres, thereby leading to the 
anti-silencing activity. If simple interaction with Sir4p is sufficient to break silencing, then 
the DNA binding activity of the fusion protein should not be required. On the other hand, if 
tethered heterochromatin acted by competing factors from the telomeres. We expected DNA 
binding to be required. To test these models, single point mutations known to disrupt the 
DNA binding activity of GBD were introduced into GBD-TD (Johnston and Dover 1988). 
Levels of protein expressed from the mutant GBD fusions were slightly lower than wild type 
(Y. Zhu et. al, in preparation, data not shown). Therefore, a fusion to the Gal4p 
transcriptional activation domain (GAD-TD), which interacts with the C-terminus of Sir4p in 
the two-hybrid assay, was used as an additional control. Negative controls included GBD 
alone and a mutant form of the targeting domain, LD/SPP (td), which does not interact with 
Sir4p (Table 2). Anti-silencing activity was tested by transforming the constructs into a 
strain containing telomeric URA3 and ADE2 genes, which, when silencing is compromised, 
give a URA+ 5FOA sensitive and white colony color phenotype, respectively. Only the 
strain expressing wild type TD fused to a wild type GBD showed evidence of expression of 
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the telomeric marker genes (Fig. 1A). This indicated that interaction with Sir4p in the 
absence of DNA binding was insufficient to affect silencing. To test if the loss of silencing 
was specific to the telomeres or whether silencing at the HM loci was also disrupted, GBD-
TD and GBD-td were transformed into a strain with a TRPl gene inserted into HMR. GBD-
TD broke the silencing of the TRPl gene as evidenced by the ability to grow on media 
lacking tryptophan, while GBD-td did not (Fig. IB). 
We reasoned that tethering Sir4p to euchromatin could dilute Sir4p, or other factors, 
from the telomeres and HM loci leading to the observed loss of silencing. Alternately 
tethering heterochromatin could effect the transcription or stability of silencing factors. 
Many factors act at either the telomeres or HM loci, but others, notably Sir2p, Sir3p and 
Sir4p, are essential for silencing at both loci. Western blot analysis was used to monitor the 
levels of Sir2p, Sir3p and Sir4p in strains expressing the various fusions. We found that 
while Sir2p and Sir3p levels were unchanged, Sir4p levels were considerably decreased in 
the strain expressing GBD-TD compared to the other strains (Fig. 1C, data not shown). 
The effect of GBD-TD on Sir4p is independent of transcription. 
The observed decrease in Sir4p levels could be due to a pre- or post-translational 
event that results from the tethering of Sir4p to euchromatin through TD. Because SIR4 is 
not controlled by or near any GAL promoters, we favored a model wherein a post-
translational event accounted for the lower Sir4p levels (Ren, Robert et al. 2000). To verify 
that expression of GBD-TD has no effect on SIR4 transcription, we constructed a plasmid 
with LacZ under the control of the SIR4 promoter. In this construct, LacZ was fused to the 
first five amino acids of Sir4p. To verify that this approach was valid, a plasmid with a SIR4 
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gene was transformed into a sir4 strain. Western blot analysis was used to monitor the levels 
of Sir4p. GBD-TD lowered the levels of Sir4p expressed from this construct compared to 
GBD-td (Figure 2A). We then assayed the effect of GBD-TD on expression of LacZ from 
the SIR4 promoter. Levels of LacZ expressed from the S1R4 promoter in a strain expressing 
GBD-TD were not significantly changed compared to a strain expressing GBD-td (Table 3). 
To further verify that a pre-translational TD-mediated effect was not responsible for the 
depressed Sir4p levels, northern blot analysis was performed to monitor SIR4 mRNA levels. 
Levels of SIR4 RNA were not significantly different in strains expressing GBD-TD 
compared to strains expressing GBD-td (Figure 2B). 
GBD-TD mediated Sir4p degradation is dependent on SIR2, SIR3 and RISl. 
We hypothesized that expression of GBD-TD was tethering Sir complexes at 
genomic UASg sites in a manner that sensitized Sir4p to degradation. In order to establish 
the minimum requirements for the TD-mediated Sir4p degradation, we decided to test 
whether the turnover still occurred in strains with genes deleted for Sir4p interacting proteins 
(DOT4, UBP3, SIR2, SIR3, RISl, YKU70, YKU80, ZDSl, ZDS2 and ESCl). We also tested a 
strain with a deletion of NPT1, a gene required for 57/?2-mediated silencing (Smith, 
Brachmann et al. 2000). Strains were transformed with GBD-TD or GBD-td. Sir4p levels 
were then measured by Western blot analysis. Of the deletions tested, three genes were 
required for the TD mediated turnover, SIR2, SIR3 and RISl (Fig. 3, data not shown). To 
verify that the requirement for SIR2 or SIRS was not due to derepression of the silent mating 
loci, the GBD-TD-mediated Sir4p degradation was assayed in a sir2/hmr and sir3lhmr MATa 
background. If the requirement for SIR2 or SIRS was due to repression of the HM loci, then 
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the GBD-TD SIR2/3 dependence should not be present. Expression of GBD-TD in these 
strains still led to Sir4p turnover (data not shown). 
RISl prevents a GBD-TD growth defect. 
If telomeric silencing was being broken as a result of lowered Sir4p levels caused by 
expression of GBD-TD, and RISl is required for this effect, then telomeric silencing should 
not be effected by GBD-TD expression in a risl strain. A ris I strain with telomeric marker 
genes was constructed and transformed with GBD-TD and GBD-td. After transformation, 
the strain expressing GBD-TD grew poorly compared to the one transformed with GBD-td, 
as visualized by the serial dilution assay (Fig. 4A). We speculated that GBD-TD was 
tethering a Sir complex to UASg sites, which led to Sir4p turnover. In the absence of RISl, 
these complexes might not be removed, leading to the observed growth defect. To test this, 
SIR2, SIR3 and S1R4 were deleted from the risl strain. The growth defect was found to 
depend on SIR2, SIR3 and SIR4. Expression of SIRS from a high copy plasmid has 
previously been shown to cause a growth defect when expressed with GBD-TD (Xie, Gai et 
al. 2001). Overexpression of SIRS exacerbated the m //GBD-TD growth defect significantly, 
while overexpression of SIR4 had no effect (Fig. 4B). A defect associated with high 
expression of SIRS has previously been shown to be caused by chromosomal loss in a SIR2 
and SIR4 dependent manner (Holmes, Rose et al. 1997). To test whether SIR2 and SIR4 are 
required for the TD mediated growth defect in a risl strain overexpressing SIRS, growth was 
compared between wild type and sir2 and sir4 strains. The growth defect was not present in 
strains in which SIR2 or S1R4 had been deleted (Figure 4C). The defect did not occur in the 
80 
presence of wild type RISl, suggesting that the strain used is more resistant to this type of 
stress than the one used in a previous study (data not shown, (Xie, Gai et al. 2001). 
To test the effect of GBD-TD expression in a risl background, the strain YPF331 was 
spotted onto media lacking uracil. Telomeric silencing of a URA3 marker gene in this strain 
is no longer broken by expression of GBD-TD, although over-expression of SIR4 still had 
anti-silencing activity, as assayed by the ability to grow on media lacking uracil (Fig. 4D). 
The RING finger motif of RISl was then tested for its role in anti-silencing. RISl and two 
mutant alleles with alanine substitutions in conserved residues in the RING finger motif were 
integrated into the RISl locus. Wild type RISl was able to complement the deletion, but the 
two RING finger mutants were unable to complement the deletion. Some anti-silencing still 
occurs in the RING finger mutants (Figure 4E). 
RISl is necessary for resistance of BY4742 to TD-CEN antagonism. 
In a previous study, we observed a plasmid segregation defect after tethering GBD-
TD to a CEN plasmid (P. Fuerst and D. Voytas, in preparation). If Rislp activity was 
deconstructing Sir4p complexes, which cause CEN-TD antagonism, the lack of Rislp activity 
should aggravate the observed antagonism. While several common lab strains such as 
YPH499 and W303 were sensitive to CEN-TD antagonism, BY4742, the strain used in the 
deletion project, was resistant (Figure 5A). We tested whether RISl prevented the 
segregation defect caused by nucleating heterochromatin on a CEN plasmid. When 
comparing growth on selective and non-selective media, a very large plasmid segregation 
defect was seen in the risl derivative of BY4742 relative to the wild type strain (Fig. 5B). 
81 
RISl effect on Ty5 transposition. 
We were curious as to whether Rislp played a role in Ty5 transposition. Because 
mating type switching is decreased in a risl background, we speculated that Ty5 
transposition to the HM loci might also be compromised. We tested transposition levels, 
integration frequency and targeted integration to the HM loci. We did not see a significant 
difference in any of these assays when comparing Ty5 activity in a wild type strain to a risl 
strain (Table 4). 
Discussion 
Expression of GBD-TD leads to Sir4p turnover in a SIR2/SIR3- and DNA binding-
dependent manner. 
In a previous study, we used GBD-TD as a tool to tether heterochromatin to 
antagonize CEN plasmid segregation (unpublished data). This study demonstrated the ability 
to nucleate heterochromatin at a de novo location using GBD-TD. Here we study the effects 
of tethering Sir4p through GBD-TD and reveal that the GBD-TD fusion has anti-silencing 
activity. The DNA binding and SIR2/SIR3 requirement for TD-mediated Sir4p degradation 
suggests that the formation of a DNA-bound Sir complex is an initial step in the turnover 
process. Recent evidence indicates that Sir4p binding to Raplp is one of the first steps in the 
formation of telomeric heterochromatin (Luo, Vega-Palas et al. 2002). In addition to its role 
in silent chromatin formation, Raplp has an activator role and binds numerous sites 
throughout the genome (Sussel and Shore 1991). It is not currently clear what prevents 
heterochromatin from forming at Rapl activator binding sites. As Sir4p binding to Raplp is 
the initial step in the formation of heterochromatin, removal of Sir4p could function to 
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remove improperly nucleating heterochromatin, leaving Raplp to continue its activator role. 
In this study we supplanted Raplp with GBD-TD. Expression of other heterochromatin 
fusions have been shown to nucleate silencing complexes (Lustig, Liu et al. 1996). We 
found that expression of other Sir4p interacting proteins fused to GBD, such as Sir3p, Raplp, 
INC (Ty5 integrase C-terminus) or Dot4p, does not have an effect on silencing by 
modulating Sir4p levels (data not shown). We think the most likely reason for this is that the 
binding sites of these proteins overlap the binding sites of Rislp, and this might block its 
access to Sir4p. In contrast, TD is composed of only six amino acids and would be less 
likely to affect Rislp's ability to bind Sir4p. Recently we identified amino acids required for 
the interaction between Sir4p and integrase or TD. Further analysis of these Sir4p mutants 
should be fruitful in understanding of Sir4p turnover that results from the interaction with 
tethered TD but not other Sir4p interacting proteins. 
Sir4p turnover is dependent on RISl. 
RISl is a member of the SWI/SNF family of DNA dependent ATPases. In vitro 
activity of DNA dependent ATPases is stimulated by the presence of DNA, possibly 
explaining the DNA binding requirement for GBD-TD activity (Guzder, Sung et al. 1998; 
Havas, Whitehouse et al. 2001; Tsukiyama 2002). Overexpression of Rislp interferes with 
silencing, and deletion of this gene decreases mating type switching to approximately 15% of 
wild type (Zhang and Buchman 1997). Like Rad5p and Radl6p, Rislp contains a RING 
finger motif in its helicase domain. The conserved C-terminal portion of Rislp, Radl6p and 
Rad5p contains the split helicase RING finger motif, whereas the N-terminal portion is 
required for binding to other proteins; Sir4p in the case of Rislp (Zhang and Buchman 1997). 
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An increasing volume of literature has begun to link RING fingers motifs with protein 
modification, namely ubiquitination and sumylation. RING finger proteins either act directly 
as an E3 ligase or recruit a UBC enzyme (Freemont 2000; Ulrich and Jentsch 2000; Jackson 
2001). RadSp, the closest homologue of Rislp in Saccharomyces, has been shown to recruit 
the Ubcl3p-Mms2p ubiquitination complexes through its RING finger motif. Furthermore, 
Rad5p is required, along with Ubcl3p and Mms2p, for the polyubiquitination of PCNA 
(Ulrich and Jentsch 2000; Hoege, Pfander et al. 2002). In vivo, Rislp is required for efficient 
mating type switching along with RAD51, RAD52, RAD54, RAD55 and RAD57 (Sugawara, 
Ivanov et al. 1995). The RAD genes are required for recombination; RAD51 and RAD52 are 
essential, while deletion of the others reduces the efficiency of mating type switching 
(Schmuckli-Maurer and Heyer 1999). If the HM locus is not silenced and is carried on a 
plasmid, only RAD52 is required for switching, suggesting that the other RAD genes play a 
role in gaining access to the heterochromatin-bound DNA (Sugawara, Ivanov et al. 1995). 
RISl does not play a role in recombination or repair, but is thought to promote efficient 
switching through its interaction with Sir4p (Zhang and Buchman 1997). In our system, 
Rislp is required for the degradation of Sir4p and appears to remove Sir complexes from 
heterochromatin established by tethering. Based on our data, one likely scenario is that 
Rislp may promote mating type switching through removal of Sir4p from the HM loci. This 
would occur before switching, and would open the underlying DNA to the recombination 
machinery. 
RISl prevents TD-associated growth defects. 
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In addition to its anti-silencing activity, earlier studies revealed a second phenotype 
associated with expression of GBD-TD. Co-expression of GBD-TD with high levels of SIRS 
led to a growth defect not seen when either protein was expressed alone (Xie, Gai et al. 
2001). Another study has shown a growth defect resulting from expression of very high 
levels of SIRS (Holmes, Rose et al. 1997). Modulating heterochromatin in other ways has 
also been shown to inhibit cell growth; examples include expression of some SUM1-1 alleles 
or CEN-HM antagonism (Kimmerly and Rine 1987; Rusche and Rine 2001). We think the 
growth defect resulting from expression of GBD-TD in a risl background is caused by the 
nucleation of heterochromatin at UASg sites and the subsequent inability to remove these 
complexes. High levels of Sir3p may block Rislp in a wild type background or may simply 
exacerbate an undetectable growth defect. The ability of a RISl strain to segregate a GBD-
TD tethered plasmid while a risl strain has a 100 fold segregation defect also suggests that 
Rislp activity is acting to remove heterochromatin complexes. One possible objection to this 
model is that Sir4p levels should be significantly higher in the risl strain compared to the 
wild type due to expression of GBD-TD . In this case the effect on plasmid segregation 
would be indirect. To control for this we tested whether the defect occurs in a strain 
(BY4742) over-expressing Sir4p. We found that the segregation defect did not occur in a 
wild type background but did occur in a risl background. Sir4p levels are comparable when 
expressed from a high copy vector alongside either GBD-TD or GBD-td (data not shown). 
RISl and Ty5. 
When we first observed the anti-silencing activity of TD, we speculated that Ty5 
might have evolved or co-opted a system to gain access to DNA-bound heterochromatin. 
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While we still think such a system may exist for Ty5, targeted transposition was not 
significantly affected by the deletion of RISl. As a larger fragment of integrase fused to 
GBD does not have an effect on Sir4p levels, it is possible that the TD anti-silencing is a 
fortuitous artifact. Around forty other genes involved in protein degradation and 
modification were assayed; however, to date no other genes required for TD-mediated Sir4p 
turnover have been identified (data not shown). A second possibility is that Ty5 integrase 
bypasses the need for Rislp. In this scenario, Rislp would not act as an E3 ligase, but rather 
recruit an ubiquitin-conjugating enzyme in a manner similar to Rad5p. 
A model for Sir4p turnover. 
We find the following model to be most consistent with our data: TD interacts with 
Sir4p. When fused to a DNA binding domain it tethers Sir4p to DNA. Sir2p and Sir3p 
either stabilize the initial interaction or bind subsequently. This tethering causes a growth 
defect, possibly similar to that seen when over-expressing Sir3p or in a Suml-lp background 
(Holmes, Rose et al. 1997; Rusche and Rine 2001). Rislp remodeling activity promotes 
Sir4p modification, likely ubiquitination, leading to the degradation of Sir4p and alleviation 
of the growth defect (Fig. 6). 
We base this model on the following: (i) TD interacts with Sir4p both in vivo and in 
vitro, (ii) the anti-silencing activity of GBD-TD is based on a depression in levels of Sir4p, 
(iii) the Sir4p depression is independent of transcription, (iv) RISl is required for TD 
mediated Sir4p turnover and (v) RISl contains a RING finger motif, which commonly acts 
as an E3 ligase or to bridge an E3 ligase (vi) RISl prevents a SIR-dependent antagonism 
induced by tethered GBD-TD, either to chromosomal loci or on a CEN plasmid. 
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We have demonstrated that RISl is required for the degradation of Sir4p when it is 
inappropriately tethered. No enzyme has been shown to ubiquitinate Sir4p, however, two 
ubiquitin hydrolyzing enzymes interact with Sir4p, Dot4p and Ubp3p. Both of these proteins 
affect silencing. Dot4p promotes silencing by stabilizing Sir4p and Ubp3p and antagonizing 
silencing in a yet unknown manner (Moazed and Johnson 1996; Kahana and Gottschling 
1999). Combining this with our data leads us to favor a model in which ubiquitination leads 
to increased turnover, however, other modifications might also result in higher turnover. For 
example Rislp has been identified as an interacting partner in comprehensive two hybrid 
screens with Smt3p (SUMO) and Apg7p (Ito T 2001; Ho Y, Yang L et al. 2002). PCNA, the 
substrate of Rad5p-mediated polyubiquitination, is also sumylated, suggesting that Sir4p 
could be regulated through multiple modifications in a similar manner (Hoege, Pfander et al. 
2002). 
We propose that Rislp-mediated Sir4p degradation could be a mechanism by which 
Saccharomyces is able to remove inappropriately placed heterochromatin or gain access to 
the underlying DNA, for example during mating type switching. It will be interesting to see 
whether Rislp has an effect on Sir4p binding to Rapl at transcriptionally active loci. It is 
apparent that in some circumstances, Rislp mediates Sir4p degradation. One important 
question is what limits degradation to specific loci? For example, if our model is accurate, 
why doesn't Rislp activity target telomeric and HM Sir4p for degradation? One possibility 
is that the limited domains these loci occupy in the nucleus are not accessible to Rislp 
(Palladino, Laroche et al. 1993; Andrulis, Neiman et al. 1998; Casser, Gotta et al. 1998; 
Cockell and Casser 1999; Galy, Olivo-Marin et al. 2000). A second possibility is that the TD 
interaction with Sir4p mimics a regulated change in the conformation of Sir4p allowing 
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Rislp binding. We have previously observed that tethered GBD-TD can restore silencing to 
a crippled HM loci (Xie, Gai et al. 2001). This ability, in the face of Sir4p turnover, could 
indicate that native heterochromatin loci are more resistant to Sir4p degradation, possibly due 
to stabilization by other factors. Alternatively, the turnover could be slow enough that 
silencing is reestablished for a period of time. Another question is why only tethering TD 
triggers this effect. Possibly the answer is linked to the specific domain of Sir4p that these 
proteins bind, although more research on the structure of the Sir4p domain will be required 
before this is more fully understood. The importance of ubiquitination and other post 
assembly modifications of chromatin are increasingly being recognized as key to 
understanding how these complex structures are organized and regulated. We hope the 
results presented here will help to answer some of these questions and serve as a base for 
future experimentation. 
Material and Methods 
Plasmid manipulation. 
GAD-TD was constructed by cloning the EcoRI-Bglll fragment containing TD from 
pWW45 into pGAD-C3 (James, Halladay et al. 1996). 
Point mutations were introduced in the GAL4 DNA binding domain using two round PGR. 
The first round of PGR in the construction of gbdl P26S amplified two fragments of GBD 
with oligos 926 with 1076 and 1075 with 1073. The second round of PGR used the products 
of the first as template with primers 1073 and 1076. This product was cloned into the 
Xhol/Nsil site of pWW45 (GBD-TD) to give pPF69 (Xie, Gai et al. 2001). The same 
strategy was used to construct gbd2 S47F. Primers 1073 with 1077 and 1076 with 1078 were 
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used in the first round of PCR. These products were then used as template in the second 
round with primers 1073 and 1076 and cloned into the Nsil/Xhol site of pWW45 to yield 
pPF70. Western blot analysis was used to confirm expression of constructs. 
The SIR4 promoter was amplified using 2424 and 2425 and cloned into the SacI PstI sites of 
pRS424 yielding pPF225 (Sikorski and Hieter 1989). LacZ was amplified using 2426 and 
2427 and cloned into the PstI Xhol sites of pPF225 yielding pPF226. 
A Sacl/Clal fragment containing SIR4 under its native promoter was cloned out of eSZ269 
into pRS414 (Xie, Gai et al. 2001). 
Strain construction. 
YPF331 was made by mating UCC3505 to BY4742 risl and sporulating diploids. Sir 
knockouts were made by amplifying selectable markers with SIR2, SIR3 or SIR4 flanking 
sequencing with, (SIR4 Kanmx) 1202 and 1203, (SIR2 pRS marker) 2294 and 2295, (SIR3 
pRS marker) 2240 and 2241, and (SIR4 pRS marker) 2011 and 2012 and transforming. SIR 
knockouts were confirmed by Western blot analysis and or the inability to mate followed by 
the restoration of mating by transformation of an appropriate SIR plasmid. 
Transposition assays. 
These assays were performed as previously described (Zhu, Zou et al. 1999). 
Western blot analysis 
Briefly strains were transformed with appropriate plasmids and grown overnight in 
lml selective media and diluted with 1ml YPD in the morning. After 3 hours growth cell 
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density was measured and equal volumes (about 600ul) were centrifuged, washed and 
resuspended in 40ul sample buffer. Cells were boiled for five minutes and 15ul of suspended 
solution was loaded. Standard protocols were used to transfer and visualize the blot 
(Ausubel, Brent et al. 1987). Santa Cruz antibodies were used to detect the respective 
proteins. Three independent transformants were tested for each protein assayed. 
Transcription analysis. 
PPF226 was transformed into YPF237. LacZ levels were assayed in triplicate as 
previously described (Ausubel, Brent et al. 1987). 
Plasmid antagonism assay. 
This assay was performed as previously described (P. Fuerst and D. Voytas, in 
preparation). 
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Figure legends 
Figure 1. 
Ty5 TD fused to the GAL4 DNA binding domain breaks telomeric silencing in a 
DNA binding dependent manner. Five fusions of the Ty5 TD were constructed. Fusions 1, 2 
and 3 are between wild type TD and proteins lacking DNA binding activity. Construct 1 and 
2 are fusions to GBD with single point mutations in the zinc finger DNA binding motif, 
while 3 is a fusion to GAD. Constructs 4, 5 and 6 are negative and positive controls. 
Construct 4 is GBD by itself, 5 is a fusion between TD and GBD and 6 is a fusion between a 
biologically inactive mutant TD (td) and GBD (Table 2). (A) Expression of GBD-TD 
(construct 5) breaks the telomeric silencing of an ADE2 and URA3 gene as seen by the while 
color phenotype (B see arrow SC-L) and the ability to grow on media lacking uracil (B see 
arrow SC-L-U). Expression of the other fusions does not effect the telomeric silencing of 
these two genes. (B) GBD-TD expression breaks silencing at the HM loci as seen by the 
ability of a strain with TRP1 inserted into HMR to grow on media lacking tryptophan. (C) 
Western blot analysis was used to determine whether Sir4p levels correlated with the anti-
silencing activity. Sir4p levels are only lowered in the strain expressing GBD-TD, which is 
also the only strain exhibiting anti-silencing activity. 
Figure 2. 
(A) Sir4p levels expressed from a plasmid-born promoter are still lowered by 
expression of GBD-TD. SIR4 and approximately 1.5kb upstream sequence was cloned into a 
pRS plasmid and transformed into a sir4 strain. Western blot analysis indicates that 
expression of GBD-TD still lowers Sir4p levels expressed from this construct compared to 
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GBD-td. (B) Northern blot analysis to measure GBD-TD effects on SIR4 RNA levels. Total 
RNA was isolated from strains expressing either GBD-TD or GBD-td and probed with a P32 
labeled fragment of SIR4. No difference in SIR4 RNA levels is noticeable between strains 
expressing GBD-TD and GBD-td. 
Figure 3. 
GBD-TD mediated Sir4p degradation is dependent on RISJ, SIR2 and SIR3. Strains 
with Sir4p interacting genes or NPT1 deleted were transformed with GBD-TD or GBD-td. 
Western blot analysis was used to identify which genes were required for the GBD-TD-
mediated Sir4p turnover by comparing the difference in Sir4p levels in strains expressing 
GBD-TD or GBD-td. (A) Genes knocked out of deletion strains in which Sir4p levels were 
still lowered in conjunction with GBD-TD expression were not considered necessary for the 
turnover. (B) If there was no longer any GBD-TD-specific effect on Sir4p levels, the gene 
was considered to be required for the effect. GBD-TD expression no longer decreased Sir4p 
levels in strains with SIR2, SIR3 or RIS1 deleted. 
Figure 4. 
RIS1 prevents a GBD-TD associated growth defect and is required for GBD-TD anti-
silencing. A risl strain with a telomeric URA3 was transformed with GBD-TD or GBD-td. 
(A) The risl strain expressing GBD-TD had an approximately ten-fold growth defect 
compared to one expressing GBD-td. This defect was dependent on SIR2, SIR3 and S1R4. 
(B) Overexpression of Sir3p exacerbates the GBD-TD associated growth defect, which still 
occurred if Sir4p was over-expressed. (D) The defect caused by Sir3p overexpression is 
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dependent on SIR2 and SIR4. The growth defect was measured in risl, sir2 or sir4 strains 
that expressed GBD-TD and carried SIR3 on a high copy plasmid. If either gene SIR gene is 
deleted, the growth defect is abolished. (C) GBD-TD no longer breaks telomeric silencing of 
the URA3 gene if RISl is deleted. This is evidenced by the inability of risl strains to grow 
on media lacking uracil. However, anti-silencing activity still occurs in this strain if Sir4p is 
over-expressed. (D) The absence of GBD-TD mediated anti-silencing in a risl deletion can 
be complemented by integrating RISl. Alleles with mutations in the RING finger motif of 
RISl are unable to fully restore GBD-TD-mediated anti-silencing, as seen by the decreased 
anti-silencing associated with GBD-TD expression. 
Figure 5. 
RISl is required for BY4742 resistance to ŒiV-heterochromatin antagonism. GBD-
TD is used to tether a heterochromatin complex to a CEN plasmid. In sensitive strains, this 
results in an antagonism between the CEN and heterochromatin leading to a decrease in 
plasmid segregation. BY4742 is resistant to the plasmid antagonism induced by tethering 
GBD-TD to a CEN plasmid. RISl is required for this resistance as seen by the high degree of 
plasmid instability in a BY4742 risl background. 
Figure 6. 
Model for GBD-TD mediated anti-silencing and growth defect. Native 
heterochromatin is resistant to detectable levels of Rislp mediated turnover. Expression of 
GBD-TD nucleates a SIR2/SIR3/SIR4 complex on DNA. In the absence of RISl the 
complexes interfere with some aspect of cellular growth causing the observed growth defect, 
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which is exacerbated by the presence of high Sir3p levels. In the presence of RISl, 
chromatin-remodeling activity leads to Sir4p degradation and alleviation of the growth 
defect. 
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Strain 
Table 1. Strains and oligonucleotides used in this study. 
Genotype Source 
YPH499 MATa ura3-52 lys2-801 ade2-101 trpl-A63 his3-A200 leu2 
YPF237 YPH499 sir4::KAN 
UCC3505 
Dan Gottschling 
This study 
MATa ura3-52 lys2-801 ade2-101 trpl-A63 his3-A200 Ieu2-Al pprl::HIS3 adh4::URA3-
TEL-VIIL VR-AZ)£2-TEL Dan Gottschling 
yPF192 UCC3505 sir4\:kan 
GCY273 
This Study 
UCC4599 
MATa RDN1::MET15 AAhmrr.TRPl adh4::URA3 Tel VIIL metl5AADE2 
Guido Cuperus 
MATa ura3-52 lys2-801 ade2-101 trpl-A63 his3-A200 Ieu2-Al pprl::LYS2 adh4::URA3-
Dan Gottschling TEL-VIIL VR-ADE2-TEL D0T4::HIS3 
YPF331 MATa (//M3-TEL-VIILpprl::HIS3 leu2 trpl-A63 
YPF337 YPF331 siW::TRPl 
YPF338 YPF331 sir2::TRPl 
YPF339 YPF331 sir3::TRPl 
W303-1B MATa ade2-l canl-100 his3-ll,15 leu2-3 trpl-1 ura3 
YYZ214W303-1B sir2::TRPl hmr.:LEU2 
YYZ215 W303-1B sir3::LEU2 hmxwTRPl 
BY4742 Mat a; his3Dl; leu2D0; lys2D0; ura3D0\ 
BY4742 j;>2::KAN 
BY4742 sir3:: KAN 
BY4742 W.s/::KAN 
BY4742 yku70::KAN 
BY4742 yku80::KAN 
BY4742 npt2\: KAN 
BY4742 ubp3\\ KAN 
BY4742 zdsl::KAN 
BY4742 zc?s2: :KAN 
BY4742 ejc/::KAN 
This Study 
This Study 
This Study 
This Study 
Alan Myers 
Zhu et al. 1999 
Zhu et al. 1999 
Brachman et al. 1998 
Winzeler, et al. 1999 
Winzeler, et al. 1999 
Winzeler, et al. 1999 
Winzeler, et al. 1999 
Winzeler, et al. 1999 
Winzeler, et al. 1999 
Winzeler, et al. 1999 
Winzeler, et al. 1999 
Winzeler, et al. 1999 
Winzeler, et al. 1999 
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Table 1. Strains and oligonucleotides used in this study (continued). 
Oligonucleotide sequence 
1202 cagccaatgccaaatgacaataagacacccaataggtccaacggctcctcgctgcagacc 
1203 cgtaaagtaaagtaaattgttcattatagaagaaaacgactgcgcacttaacttcgcatc 
2294 gaagagatgtaaagcccattctcacgtatttcaagaaattaggcatcgctgctgtgcggtatttcacacc 
2295 agtgagatgggcggtacatgtaatatttcacccggtacaatgaaaatagcgattgtactgagagtgcacc 
2240 atggctaaaacattgaaagatttggacggttggcaagttatcgctgtgcggtatttcacacc 
2241 tcaaatgcagtccatatttttgaattcttcatccatcgaaaagattgtactgagagtgcacc 
2011 atagtgaagctttttataaacctataacgaaataagcgcttttcagattgtactgagagtgcacc 
2012 aaatcgattaaagaccgtaaagtaaattgttcattatagaagaaagctgtgcggtatttcacacc. 
926 aaagaaaaatcgaagtgcgcc 
1076 ctgaagccaatctatctgtgacggc 
1075 ccctagtcagcggaaaccttttggt 
1073 gccttcttctaaccttaacggacctac agtgc 
1077 aaaaggtttccgctgactagggcac 
1078 gtgccctagtcagcggaaaccttttgg 
2424 gcaattctgcagattgtcatttggcattggctg 
2425 ctggagctccaccgcggcttctgtcc 
2426 gcaattctgcaggtcgttttacaacgtcgtgac 
2427 aattctcgagttatttttgacaccagaccaactgg 
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Table 2 TD fusions 
DNA binding activity TD 
1 gbd-TD No Yes 
2 gbd-TD No Yes 
3 GAD-TD No Yes 
4 GBD Yes No 
5 GBD-TD Yes Yes 
6 GBD-td Yes No 
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Table 3. TD effect on transcription from the SIR4 promoter 
Units ONPG hydrolyzed 
TD 5.3±2.1 
td 3.4±1.2 
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Table 4. RISl effect on Ty5 integration and targeting 
Strain Transposition frequency" % integrationb Retargeted to HM loci' 
BY4742 1.72+0.2x10 5 18% (7/115) 6.1% 
BY4742 risl 1.42+0.28x10 5 21% (11/135) 8.1% 
a Frequency His+ vs. HIS- cells after induction of transposition. 
b Frequency 5FOAr colonies vs. 5-FOA5 colonies. 
c Frequency integration to HMR and HML 
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Figure 1 
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Figure 2 
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Figure 3 
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109 
Figure 4 
YPF331 URA3::Tel ris 1 ::Kan 
-L 
GBD-TDl 
GBD-td 
GBD-TD 
GBD-td 
GBD-TD 
GBD-td 
GBD-TD 
GBD-td 
B 
GBD-TD 
GBD-td 
GBD-TD 
GBD-td 
-L-T 
SIR3 2u 
r - ^/fW2u 
xy 
RISl-MYCRINGTD 
RISl-MYC RING td 
RISl-MYC ring4 TD 
RISl-MYC ring2 TD 
BY4742 SIR3 2u 
-L-U-H 
GBD-TDl 
GBD-td 
GBD-TDl 
GBD-td 
GBD-TDl 
GBD-td 
Sir2 risl 
Sir4 risl 
GBDTD 
GBD-td 
SIR4 2u 
110 
Figure 5 
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Chapter V. Miscellaneous data 
In the course of completing the studies that make up chapters two, three and four, 
several other notable observations were made. These were left out of the primary works 
because they did not contribute to the particular study in a clear fashion or because they were 
too ambiguous. This chapter presents this data in the form of several figures and provides 
the background rational for the experiments. 
-LTH 1mM 3AT 
Figure 1. 
Interaction between Ty5 targeting domain (TD) and Sir4p is partially dependent on 
the presence of other Sir proteins. The interaction between Ty5 integrase and Sir4p is not 
effected by deletion of SIR2, SIR3 or SIR4. Several phenotypes observed when expressing 
GBD-TD, however, were dependent on SIR2, SIR3 
and SIR4. To test if this requirement was due to a 
change in binding, two-hybrid assays were used to 
measure the strength of interaction between the 
Ty5 TD and SIR4C. The interaction is weakened 
if SIR2 or SIR3 are deleted and strengthened if SIR4 is deleted. This can be seen by the 
ability of yeast cells to grow on media lacking histidine and supplemented with 3AT. Two 
possible explanations could explain these observations: (1) TD binds preferentially to a Sirp 
complex or (2) deletion of SIR4 removes Sir4p that competes with SIR4C for interaction with 
TD. In this second model, deletion of SIR2 and SIR3 free additional Sir4p to compete TD 
from SIR4C. 
LexA -SIR4 
GAD-TD 
GAD-TD 
GAD-TD 
GAD-TD 
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lexA 
971-1358 
971-1358 
950-1250 
950-1130 
1081-1358 
971-1358 
971-1358 
971-1358 
Figure 2. 
SIR4C interacts with the nuclear pore protein Nupl57p. A two-hybrid library screen 
was performed to identify novel Sir4p interacting proteins. A fragment of the nuclear pore 
protein Nupl57p (consisting of amino acids 1-231 of 396) was found to interact with the C-
terminus of Sir4p. The interaction was partially dependent on the PAD domain of Sir4p, 
although Nupl57p was able to bind the N-terminal two thirds of SIR4C. Deletion of SIR2, 
SIR3 and SIR4 did not effect the Sir4p::Nupl57p interaction. It is not currently known how 
Sir4p gains access to the nucleus. It is possible that an interaction with Nupl57 facilitates 
Sir4p nuclear entry. 
LexA-SIR4 GAD-NUP157 
VW74A 
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Figure 3. 
Tethering Sir4p interacting proteins via GBD does not have anti-silencing activity 
that is due to Sir4p turnover. In an attempt to understand how TD causes Sir4p turnover, the 
effect on telomeric silencing was assayed by expressing several Sir4p interacting proteins. 
All of these proteins were fused to GBD, and expression of a telomeric URA3 gene was 
monitored.,. Three of the fusions tested had no significant effect on silencing, including the 
C-terminus of the Ty5 integrase (INT), Dot4p and Rapl p. Expression of GBD-SIR3 
disrupted telomeric silencing, however, this was not related to the DNA binding activity of 
the fusion or Sir4p levels, as seen by telomeric silencing and western blot analysis. 
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Genes not involved in TD mediated Sir4p turnover. 
SIF2, UBP10, UBP3, YKU70, ZDS1, ZDS2, ESC1, RAD7, RIF2, NPT1, DOTI, D0T5, DOT6, DMC1, 
Alphal & Alpha2 (in a S//?2 or SIR3A strain), SIZI, SIZ2, ESC2, EAF3, GRR1, HDA1, HEX3, MMS2, 
NFIl, NTAl, P6E9, RAD5, RAD6, RAD16, RAD18, RAD51, RAD54, S/F2, RPNIO, RPNII, RU8/, SAS2, 
SASJ, SOHI, SWRI, TOM I, UBC5, l/SC//, C/BC/2, (7SC/J, and 5G57, NMA2, SUM!, Cffl)/, 
NUP157, APG7 
Figure 4. 
List of genes not involved in GBD-TD mediated Sir4p turnover. In an attempt to 
establish the genetic requirements for Sir4p turnover, a large number of deletion strains were 
assayed for a GBD-TD dependent effect on Sir4p levels. The genes were either involved in 
silencing or protein modification or turnover. The genes were assayed by transforming the 
various deletion strains with GBD-TD or GBD-td and comparing Sir4p levels by western 
blots. None of the genes assayed were required for the TD mediated turnover. Notably, 
strains with deletions in components of the proteolysis system actually had a more prominent 
level of Sir4p turnover. One deletion, gcn5, had noticeably lower Sir4p levels compared to 
wild type in both the strain expressing TD and the strain expressing td. 
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Gag Pro Int TD RT RH 
pPF 44-46 
pPF 56 
pPF 55 and 71 
pPF 67 _ 
pPF44-46 GFP-integrase Yes 
pPF56 GFP 500bp int Yes 
pPF55 IPTCRNRTRRVKRTNKK(P)TRSREIE 
IYDISRPNVISSDNLPEVRS AK(Q)RKT* * Yes 
pPF71 IPTCRNRTRRVKRTNKK(P)TRSREIE 
IYDISRPNVISSDNLPEVRS AA(Q)AAT* * Yes 
pPF67 RNRTRRVKRTNKK(P)TR No 
Figure 5. 
Initial mapping of Ty5 integrase's nuclear localization signal. The nucleus of S. 
cerevisiae does not break down during mitosis. Therefore a mechanism to gain entry into the 
nucleus is necessary for the Ty5preintegration complex. An Sphl fragment of Ty5 encoding 
integrase was fused to the green fluorescent protein (GFP). When expressed, this fusion was 
localized in the nucleus, unlike GFP, which was predominantly localized in the cytoplasm. 
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Two shorter fragments of integrase still mediated nuclear localization, including a fragment 
spanning 49 amino acids in the C-terminus of integrase. Two potential NLS motifs were 
located in this region. The first potential motif (SV-40 like, pPF67) did not mediate nuclear 
localization of GFP. The second possible motif is a bipartite NLS, which is similar to the 
one used by the Tyl retrotransposon (Moore, Rinckel et al. 1998). The bipartite NLS is 
composed of a cluster of basic residues followed by several acidic residues, a spacer 
sequence, and then a second cluster of basic residues. Mutating conserved basic amino acids 
in the second cluster did not ablate nuclear localization of GFP (pPF71). The hypothesis that 
Ty5 INC hitched a ride with Sir4p was also tested by mutating TD in the pPF44-46 construct. 
This fusion still localized to the nucleus. One possibility is that Ty5 uses an atypical NLS 
motif sharing similarities to both the SV40 and bipartite motifs. 
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Chapter VI. General conclusions 
The data presented in this dissertation focuses on the interface between the 
Saccharomyces retroelement Ty5 and the heterochromatin it recognizes to target its 
integration. Most of the work was carried out by studying how a short motif in Ty5 integrase 
(the targeting domain, TD) interacts with cellular factors. The work also explores basic 
biology and regulation of heterochromatin in S. cerevisiae. The use of parasitic elements to 
untangle the biology of the host has a long and successful history. From early work by 
Hershey and Chase, in which bacteriophage were used to confirm that DNA was the material 
of heredity, to the use of the adenoviruses in the study of eukaryotic splicing, understanding 
how viruses and mobile genetic elements interact with their hosts has been one of the most 
successful paradigms in modern biology. 
The use of Ty5 to understand heterochromatin has been helpful in understanding how 
these complexes are regulated. For example, it was not clear how an element could survive 
by targeting to a silenced region, because its own DNA would be subject to transcriptional 
silencing. By studying the promoter of Ty5, it was established that genes could be expressed 
during certain windows in the yeast's life cycle, which is important not only for Ty5 biology, 
but for understanding the expression of host genes located in heterochromatin (Ke, Irwin et 
al. 1997). 
This study used a portion of Ty5 integrase to explore the dynamics of 
heterochromatin in yeast. Major findings include: (i) a number of proteins were identified 
that are involved in secondary aspects of heterochromatin formation and that bind to the PAD 
domain of Sir4p; (ii) misplaced heterochromatin can interfere with cell growth and enables 
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plasmids to be segregated; (iii) the chromatin remodeling enzyme Rislp can remodel 
chromatin by targeting Sir4p for degradation. 
The targeting domain and Sir4p. 
The formation of heterochromatin is initiated by Sir4p binding to Raplp (Luo, Vega-
Palas et al. 2002). Sir2p and Sir3p then bind and spread out along the chromosome in a 
fashion dependent on the histone deacetylation activity of Sir2p (Rusche, Kirchmaier et al. 
2002). Sir2p binds the N-terminus of Sir4p, while Sir3p binds the Sir4p C-terminus in a 
PAD independent fashion, as demonstrated in Chapter 3. The spread of heterochromatin is 
thought to continue until it hits a competing histone acetylation complex or is blocked by 
transcription factors or other non-histone DNA binding proteins (Yamagoe, Kanno et al. 
2003). Once heterochromatin has been formed, it is not clear how it is removed, although 
two chromatin remodeling enzymes have been shown to interact with Sir4p, including Rislp 
and Chdlp (Zhang and Buchman 1997). We speculate that these enzymes play an integral 
role in remodeling heterochromatin, and that the targeting domain of Ty5 utilizes the cellular 
machinery to remodel chromatin and gain access to DNA targets. 
The targeting domain and heterochromatin. 
Heterochromatin is naturally limited to the telomeres, HM loci and rDNA. Histone 
modifications promoting and antagonizing heterochromatin formation are largely responsible 
for maintaining the integrity of euchromatin and heterochromatin. When these mechanisms 
are disrupted or when heterochromatin is artificially nucleated in euchromatin, several 
deleterious results can occur. These include antagonism of growth, which we demonstrated 
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by artificially tethering heterochromatin components to DNA and by over-expressing some 
components of heterochromatin such as SIR3 (Holmes, Rose et al. 1997; Kahana and 
Gottschling 1999). Tethering heterochromatin proteins to DNA can also antagonize CEN-
mediated plasmid segregation. In this series of studies, several growth defects were observed 
after tethering TD to chromatin. TD was found to nucleate a heterochromatin complex, 
which antagonized CEN mediated segregation. This was found to require Sir2p, Sir3p and 
Sir4p, indicating that a complex of Sir proteins was responsible for the antagonism. This 
type of antagonism has been observed in several other studies (Kimmerly and Rine 1987; 
Longtine, Enomoto et al. 1993; Enomoto, Longtine et al. 1994). We extended these 
observations by showing that this antagonism was the result of double strand breaks, at least 
in the case of plasmid-based antagonisms involving CEN origins of replication. 
A second phenotype associated with expression of TD was the release of 
heterochromatin bound genes from transcriptional silencing. This defect was found to 
depend on the DNA binding activity of the protein the TD was fused to, suggesting that the 
nucleation of a heterochromatin complex was a necessary step in the anti-silencing. The TD 
mediated anti-silencing was found to occur at the telomeres as well as HM loci, suggesting 
that some of the heterochromatin components shared by these loci were being effected. 
The targeting domain and Rislp. 
The expression of TD was found to promote the degradation of Sir4p. This allowed 
the genetic underpinnings of this phenomenon to be dissected. A protein previously shown 
to be involved in anti-silencing activity, Rislp, was required for TD-mediated anti-silencing. 
Rislp contains a RING finger motif, which is commonly associated with protein degradation 
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through ubiquitination. Mutation of the RING finger motif abrogated the TD-mediated anti-
silencing. Determination of the exact mechanism of Sir4p degradation will be one of the 
primary goals of future experimentation. Testing direct ubiquitination of Sir4p could be 
accomplished in several ways, including immunoprecipitation and probing with anti-
ubiquitin and anti-Sir4p antibodies. Several higher molecular weight forms of Sir4p were 
recently identified, suggesting that they are abundant enough to purify and characterize. 
A significant growth defect was observed in risl mutant strains expressing TD. This 
strongly suggests that in the absence of Rislp, the cell is unable to remove misplaced 
heterochromatin complexes that antagonize growth. This suggests that Rislp acts to remove 
heterochromatin both generally and during specific times in the yeast life cycle, such as 
mating type switching. In addition to the RING finger motif required for TD's anti-silencing 
activity, Rislp also contains a helicase motif. We propose a model in which Rislp targets 
Sir4p, the linchpin of heterochromatin, for degradation while unwinding the DNA strands 
with its helicase motif. This would permit the recombination machinery associated with 
mating type switching to gain access to the HM loci and possibly remove illegitimate 
heterochromatin complexes. 
The induction of Rislp activity is an attractive mechanism for Ty5 to gain access to 
heterochromatin bound-DNA. To date, however, we have not observed a difference in 
targeting in a risl strain. Several possibilities could explain this: First, the anti-silencing 
activity associated with the Ty5 TD is coincidental and does not play a role in targeted 
transposition. A more likely explanation is related to the manner in which Ty5 transposition 
is measured in our assays. Ty5 is naturally only expressed during a brief window during the 
yeast life cycle. The Ty5 promoter is repressed in diploid cells and only weakly expressed in 
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the haploid. During mating, however, expression of Ty5 increases dramatically (Ke, Irwin et 
al. 1997). Based on this data, it seems that Ty5 only has a narrow window in which it is 
expressed and transposes naturally. Further studies of a Rislp-specific effect on Ty5 
targeting might benefit from using Ty5 under control of its native promoter. 
The studies described in this dissertation explored the molecular environment in 
which Ty5 inserts its cDNA. These findings will serve as a foundation for future research, 
which will elucidate the precise events that allow targeted transposition by Ty5. 
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